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Foreword 


Why is Olympus NDT writing a third book on ultrasound phased array when 
the first book was published only two years ago? 


There are many reasons. First, the last two years has seen an increased 
interest in the technology and its real-world applications, which is evidenced 
by the hundreds of papers presented at recent conferences and articles 
published in trade journals. That, along with considerable advancements in 
hardware, software, and progress in code compliance, has resulted in wider 
industry acceptance of the technology. Also, several companies now offer 
phased array instruments. Last, the authors have much new material as well 
as previously unpublished data that they wanted to include in this 
informative third book. 


Phased array has also found its way into many new markets and industries. 
While many of the earlier applications originated in the nuclear industry, new 
applications such as pipeline inspection, general weld integrity, in-service 
crack sizing, and aerospace fuselage inspection are becoming quite common. 
These applications have pushed phased array technology to new and 
improved levels across the industrial spectrum: improved focusing, 
improved sizing, better inspections, and more challenging applications. 


Code compliances are making progress also. Compared to the length of time 
techniques such as TOFD (time-of-flight diffraction) became codified, phased 
array compliance has made rapid advancements, especially with ASME 
(American Society of Mechanical Engineers). A new section (§ 6.9) provides 
an update on phased array code development and its implementation 
worldwide. Because code development is an on-going process, please note 
that this update will be dated by the time this book goes to press. 


One other major requirement for phased arrays is training. Olympus NDT 
foresaw the need for general training several years ago and recruited well- 
known, innovative international training companies for the Olympus NDT 
Training Academy. The Academy supplies equipment and basic course 
material for the various training companies. In exchange, the training 
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companies develop specialized courses and inspection techniques. In 
addition, these training companies work on code approvals with Olympus 
NDT. The Olympus NDT Web site (www.olympusndt.com) provides up-to- 
date course schedules and course descriptions, plus descriptions of the 
training companies we partner with. 


As a growth technology, phased array technology offers great opportunities 
for both now and the near future with significant advantages over manual 
ultrasonics and radiography: 


e High speed 

¢ Improved defect detection 
e Better sizing 

e 2-D imaging 

e Full data storage 

e Nosafety hazards 

¢ No waste chemicals 

¢ High repeatability 


As we look into the future, new technological innovations and additional 
advances are sure to be a part of Olympus NDT. With these new advances, 
there is no doubt that additional books and guides will play a key role 
ensuring that we lead the phased array industry. Our vision is your future. 


Toshihiko Okubo 
President and CEO 
Olympus NDT 
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Introduction 


Advances in Phased Array Ultrasonic Technology Applications is published only 
two years after our first book, Introduction to Phased Array Ultrasonic 
Technology Applications, and our booklet, Phased Array Technical Guidelines: 
Useful Formulas, Graphs, and Examples. All three books fill different needs. 


Introduction to Phased Array Ultrasonic Technology Applications was designed as 
an entry-level book on phased arrays, with a wide spectrum of applications to 
illustrate the capability of the new technology. 


The booklet Phased Array Technical Guidelines: Useful Formulas, Graphs, and 
Examples is much smaller, and is designed for the operator to carry in his 
pocket for in-service reference. 


Advances in Phased Array Ultrasonic Technology Applications is exactly what its 
title says—a book on advanced applications. As such, the theory is more 
developed, new illustrations are used, and several applications are described 
in depth. Advances in Phased Array Ultrasonic Technology Applications gives in- 
depth descriptions of seven applications to the level of technical publication. 
Therefore, this new book will be most valuable to researchers and technique 
developers, though general phased array users should also benefit. 


As phased array technology is used in a wide variety of industries, these new 
applications address this fact. There are examples from nuclear, aerospace, 
pipelines, and general manufacturing. New topics, such as instrument 
qualification, equipment checking, equipment substitution, and probe testing 
are also detailed and exemplified. 


Phased array ultrasonic techniques show good reliability of the data much 
needed for engineering critical assessment. The new book has dedicated a 
whole chapter to this topic. 


Because some people may only want to purchase the new book Advances in 
Phased Array Ultrasonic Technology Applications, and not previous Olympus 
NDT phased array publications, the new book necessarily must summarize 
some of the basic theory behind industrial phased arrays. 
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Advances in Phased Array Ultrasonic Technology Applications includes the 
following: 


Chapter 1 introduces the history and basic physics behind industrial 
phased arrays. New illustrations make the concepts easier to understand 
on real components, and as a user-friendly life-assessment tool. 


Chapter 2 defines scan patterns, again with new illustrations. This 
chapter is brief because scanning is covered in the previous books: 
Introduction to Phased Array Ultrasonic Technology Applications and Phased 
Array Technical Guidelines: Useful Formulas, Graphs, and Examples. 


Chapter 3 is on probes and ultrasonic formulas. While this material is 
covered in the first two books, it is by necessity summarized here. A 
reformatted and re-illustrated chapter briefly summarizes the science. 
Extensive information regarding the depth of field, lateral resolution, 
industrial probes, and miniature/subminiature probes are added. 


Chapter 4 is new material on instrument features, calibration, and testing 
methods. The main thrust is on instrument performance. Some of the 
unique features of phased arrays (for example, dynamic depth focusing) 
are discussed. Methods for electronic checking and calibration—an 
essential feature of phased arrays—are described. 


Chapter 5 is a natural follow-on to chapter 4 on instrument performance 
—namely, how to substitute one piece of equipment with another. While 
inspection codes use standard reflectors for calibration, chapter 5 
introduces an alternative approach using known defects and specific 
calibration blocks. This chapter also investigates the effect on defect 
sizing from dead elements, and from inputting the wrong setup 
parameters. 


Chapter 6 is new material on phased array reliability and its contribution 
to engineering critical assessment. Phased array’s role in reliably 
detecting and sizing defects is defined, using the concepts of validation, 
redundancy, and diversity. Examples from several industries are used to 
show the high-sizing accuracy achievable on in-service components such 
as power generation headers, complex turbine roots, dissimilar metal 
welds, gas pipeline girth welds, and critical aerospace components. 


Chapter 7 gives in-depth descriptions of several applications: general 
inspection of welds using manual and semi-automated phased arrays, 
improved focusing in gas pipeline weld inspections, inspection of low- 
pressure turbines, an automated system for aerospace component 
inspections, and TRL-PA dual phased array probes for austenitic weld 
inspections. 


2 Introduction 


The major emphasis on the role of phased arrays in fitness for purpose (or 
ECA) in chapter 6 and the detailed descriptions of applications in chapter 7 
make this book significantly different from our previous book. This book 
defines phased arrays by their future role in inspection: a unique device, 
which can rapidly, reliably, repeatedly, detect and size defects to ensure 
structural integrity, whether new or in-service. 


Fabrice Cancre 
COO 
Olympus NDT 
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1. Main Concepts of Phased Array Ultrasonic 
Technology 


This chapter gives a brief history of industrial phased arrays, the principles 
pertaining to ultrasound, the concepts of time delays (or focal laws) for 
phased arrays, and Olympus NDT’s R/D Tech® phased array instruments. 
The advantages and some technical issues related to the implementation of 
this new technology are included in this chapter. 


The symbols used in this book are defined in the Glossary of Introduction to 
Phased Array Ultrasonic Technology Applications. 


1.1 Historical Development and Industrial Requirements 


The development and application of ultrasonic phased arrays, as a stand- 
alone technology reached a mature status at the beginning of the twenty-first 
century. 


Phased array ultrasonic technology moved from the medical field! to the 
industrial sector at the beginning of the 1980s.73 By the mid-1980s, 
piezocomposite materials were developed and made available in order to 
manufacture complex-shaped phased array probes.*!1 


By the beginning of the 1990s, phased array technology was incorporated as a 
new NDE (nondestructive evaluation) method in ultrasonic handbooks!2"!8 
and training manuals for engineers.!4 The majority of the applications from 
1985 to 1992 were related to nuclear pressure vessels (nozzles), large forging 
shafts, and low-pressure turbine components. 


New advances in piezocomposite technology,!5-!6 micro-machining, 
microelectronics, and computing power (including simulation packages for 
probe design and beam-component interaction), all contributed to the 
revolutionary development of phased array technology by the end of the 
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1990s. Functional software was also developed as computer capabilities 
increased. 


Phased array ultrasonic technology for nondestructive testing (NDT) 
applications was triggered by the following general and specific power- 


generation inspection requirements:!7-24 


1. 
2 
3. 


Decreased setup and inspection time (that is, increased productivity) 
Increased scanner reliability 


Increased access for difficult-to-reach pressurized water reactor / boiling 
water reactor components (PWR/BWR) 

Decreased radiation exposure 

Quantitative, easy-to-interpret reporting requirements for fitness for 
purpose (also called “Engineering Critical Assessment” — ECA) 

Detection of randomly oriented cracks at different depths using the same 
probe in a fixed position 

Improved signal-to-noise ratio (SNR) and sizing capability for dissimilar 
metal welds and centrifugal-cast stainless-steel welds 

Detection and sizing of small stress-corrosion cracks (SCC) in turbine 
components with complex geometry 

Increased accuracy in detection, sizing, location, and orientation of 
critical defects, regardless of their orientation. This requirement dictated 
multiple focused beams with the ability to change their focal depth and 
sweep angle. 


Other industries (such as aerospace, defense, petrochemical, and manufac- 
turing) required similar improvements, though specific requirements vary for 


each industry application.2>-?9 


All these requirements center around several main characteristics of phased 


array ultrasonic technology:30-3! 


1. 


Speed. The phased array technology allows electronic scanning, which is 
typically an order of magnitude faster than equivalent conventional 
raster scanning. 


Flexibility. A single phased array probe can cover a wide range of 
applications, unlike conventional ultrasonic probes. 


Electronic setups. Setups are performed by simply loading a file and 
calibrating. Different parameter sets are easily accommodated by pre- 
prepared files. 

Small probe dimensions. For some applications, limited access is a major 
issue, and one small phased array probe can provide the equivalent of 
multiple single-transducer probes. 
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5. Complex inspections. Phased arrays can be programmed to inspect 
geometrically complex components, such as automated welds or nozzles, 
with relative ease. Phased arrays can also be easily programmed to 
perform special scans, such as tandem, multiangle TOFD, multimode, 
and zone discrimination. 


6. Reliable defect detection. Phased arrays can detect defects with an increased 
signal-to-noise ratio, using focused beams. Probability of detection (POD) 
is increased due to angular beam deflection (S-scan). 


7. Imaging. Phased arrays offer new and unique imaging, such as S-scans, 
which permit easier interpretation and analysis. 


Phased array ultrasonic technology has been developing for more than a 
decade. Starting in the early 1990s, R/D Tech implemented the concepts of 
standardization and transfer of the technology. Phased array ultrasonic 
technology reached a commercially viable milestone by 1997 when the 
transportable phased array instrument, Tomoscan FOCUS™, could be 
operated in the field by a single person, and data could be transferred and 


remotely analyzed in real time. 


The portable, battery-operated, phased array OmniScan® instrument is 
another quantum leap in the ultrasonic technology. This instrument brings 
phased array capabilities to everyday inspections such as corrosion mapping, 
weld inspections, rapid crack sizing, imaging, and special applications. 


1.2 Principles 


Ultrasonic waves are mechanical vibrations induced in an elastic medium 
(the test piece) by the piezocrystal probe excited by an electrical voltage. 
Typical frequencies of ultrasonic waves are in the range of 0.1 MHz to 
50 MHz. Most industrial applications require frequencies between 0.5 MHz 
and 15 MHz. 


Conventional ultrasonic inspections use monocrystal probes with divergent 
beams. In some cases, dual-element probes or monocrystals with focused 
lenses are used to reduce the dead zone and to increase the defect resolution. 
In all cases, the ultrasonic field propagates along an acoustic axis with a single 
refracted angle. 


A single-angle scanning pattern has limited detection and sizing capability 
for misoriented defects. Most of the “good practice” standards add 
supplementary scans with an additional angle, generally 10-15 degrees apart, 
to increase the probability of detection. Inspection problems become more 
difficult if the component has a complex geometry and a large thickness, 
and/or the probe carrier has limited scanning access. In order to solve the 
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inspection requirements, a phased array multicrystal probe with focused 
beams activated by a dedicated piece of hardware might be required (see 
Figure 1-1). 


Figure 1-1 Example of application of phased array ultrasonic technology on a complex 
geometry component. Left: monocrystal single-angle inspection requires multiangle scans and 
probe movement; right: linear array probe can sweep the focused beam through the 
appropriate region of the component without probe movement. 


Assume a monoblock crystal is cut into many identical elements, each with a 
pitch much smaller than its length (e < W, see chapter 3). Each small crystal or 
element can be considered a line source of cylindrical waves. The wavefronts 
of the new acoustic block will interfere, generating an overall wavefront with 
constructive and destructive interference regions. 


The small wavefronts can be time-delayed and synchronized in phase and 
amplitude, in such a way as to create a beam. This wavefront is based on 
constructive interference, and produces an ultrasonic focused beam with steering 
capability. A block-diagram of delayed signals emitted and received from 
phased array equipment is presented in Figure 1-2. 
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Figure 1-2 Beam forming and time delay for pulsing and receiving multiple beams (same 
phase and amplitude). 


The main components required for a basic scanning system with phased 
array instruments are presented in Figure 1-3. 


UT PA instrument > 
(Tomoscan III PA) 
$+ 


Scanner/manipulator 


Figure 1-3 Basic components of a phased array system and their interconnectivity. 
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An example of photo-elastic visualization®* of a wavefront is presented in 
Figure 1-4. This visualization technique illustrates the constructive- 
destructive interference mentioned above. 


Shear waves at 24° 


Longitudinal 
waves at 40° 


Courtesy of Material Research Institute, Canada 


Figure 1-4 Example of photo-elastic wave front visualization in a glass block for a linear array 
probe of 7.5 MHz, 12-element probe with a pitch of 2 mm. The 40° refracted longitudinal waves 


is followed by the shear wavefront at 24°.92 


The main feature of phased array ultrasonic technology is the computer- 
controlled excitation (amplitude and delay) of individual elements in a 
multielement probe. The excitation of piezocomposite elements can generate 
beams with defined parameters such as angle, focal distance, and focal spot 
size through software. 


To generate a beam in phase and with constructive interference, the multiple 
wavefronts must have the same global time-of-flight arrival at the 
interference point, as illustrated in Figure 1-4. This effect can only be achieved 
if the various active probe elements are pulsed at slightly different and 
coordinated times. As shown in Figure 1-5, the echo from the desired focal 
point hits the various transducer elements with a computable time shift. The 
echo signals received at each transducer element are time-shifted before being 
summed together. The resulting sum is an A-scan that emphasizes the 
response from the desired focal point and attenuates various other echoes 
from other points in the material. 


e At the reception, the signals arrive with different time-of-flight values, then 
they are time-shifted for each element, according to the receiving focal 
law. All the signals from the individual elements are then summed 
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together to form a single ultrasonic pulse that is sent to the acquisition 
instrument. 


The beam focusing principle for normal and angled incidences is 
illustrated in Figure 1-5. 


During transmission, the acquisition instrument sends a trigger signal to 
the phased array instrument. The latter converts the signal into a high 
voltage pulse with a preprogrammed width and time delay defined in the 
focal laws. Each element receives only one pulse. The multielement 
signals create a beam with a specific angle and focused at a specific depth. 
The beam hits the defect and bounces back, as is normal for ultrasonic 
testing. 


Delay [ns] 
oat we a | 


Applied delays 


PA probe cual MMRRRE PA probe 
Angle steering 
Fp 
Resulting wave TK 


Resulting wave surface > € 


Figure 1-5 Beam focusing principle for (a) normal and (b) angled incidences. 


The delay value for each element depends on the aperture of the active 
phased array probe element, type of wave, refracted angle, and focal depth. 
Phased arrays do not change the physics of ultrasonics; they are merely a 
method of generating and receiving. 


There are three major computer-controlled beam scanning patterns (see also 
chapters 2-4): 


Electronic scanning (also called E-scans, and originally called linear 
scanning): the same focal law and delay is multiplexed across a group of 
active elements (see Figure 1-6); scanning is performed at a constant angle 
and along the phased array probe length by a group of active elements, 
called a virtual probe aperture (VPA). This is equivalent to a conventional 
ultrasonic transducer performing a raster scan for corrosion mapping (see 
Figure 1-7) or shear-wave inspection of a weld. If an angled wedge is 
used, the focal laws compensate for different time delays inside the 
wedge. Direct-contact linear array probes may also be used in electronic 
angle scanning. This setup is very useful for detecting sidewall lack of 
fusion or inner-surface breaking cracks (see Figure 1-8). 
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Figure 1-6 Left: electronic scanning principle for zero-degree scanning. In this case, the virtual 
probe aperture consists of four elements. Focal law 1 is active for elements 1-4, while focal 
law 5 is active for elements 5-8. Right: schematic for corrosion mapping with zero-degree 
electronic scanning; VPA = 5 elements, n = 64 (see Figure 1-7 for ultrasonic display). 


Figure 1-7 Example of corrosion detection and mapping in 3-D part with electronic scanning at 
zero degrees using a 10 MHz linear array probe of 64 elements, p = 0.5 mm. 
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Figure 1-8 Example of electronic scanning with longitudinal waves for crack detection in a 
forging at 15 degrees, 5 MHz probe, n = 32, p= 1.0 mm. 


e Sectorial scanning (also called S-scans, azimuthal scanning, or angular 
scanning): the beam is swept through an angular range for a specific focal 
depth, using the same elements. Other sweep ranges with different focal 
depths may be added; the angular sectors could have different sweep 
values (see Figure 1-9). The start-and-finish-angle range depends on 
probe design, associated wedge, and the type of wave; the range is 
dictated by the laws of physics. 


Sectorial Scan 


Figure 1-9 Left: principle of sectorial scan. Right: an example of ultrasonic data display in 
volume-corrected sectorial scan (S-scan) detecting a group of stress-corrosion cracks 
(range: 33° to 58°). 
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e¢ Dynamic depth focusing (also called DDF): scanning is performed with 
different focal depths (see Figure 1-10). In practice, a single transmitted 
focused pulse is used, and refocusing is performed on reception for all 
programmed depths. Details about DDF are given in chapter 4. 


Depth Focusing 


allie. 
f 
7 Beam spot 


Beam spot 


Courtesy of Ontario Power Generation Inc., Canada 


Figure 1-10 Left: principle of depth focusing. Middle: a stress-corrosion crack (SCC) tip sizing 
with longitudinal waves of 12 MHz at normal incidence using depth-focusing focal laws. 
Right: macrographic comparison. 


1.3. Delay Laws, or Focal Laws 


In order to obtain constructive interference in the desired region of the test 
piece, each individual element of the phased array virtual probe aperture 
must be computer-controlled for a firing sequence using a focal law. (A focal 
law is simply a file containing elements to be fired, amplitudes, time delays, 
etc.) The time delay on each element depends on inspection configuration, 
steering angle, wedge, probe type, just to mention some of the important 
factors. 


An example of time-delay values in nanoseconds (10° s = a millionth part 
from a second) for a 32-element linear array probe generating longitudinal 
waves is presented in Figure 1-11. In this image, the detection of side-drilled 
holes is performed with both negative (left) and positive angles (right). The 
delay value for each element changes with the angle, as shown at the bottom 
of this figure. 
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Figure 1-11 Example of delay value and shape for a sweep range of 90° (-45° to +45°). The 

linear phased array probe has 32 elements and is programmed to generate longitudinal waves 

to detect five side-drilled holes. The probe has no wedge anqd is in direct contact with the test 
piece. 


Direct-contact probe (no wedge) for normal beam. The focal law delay has a 
parabolic shape for depth focusing. The delay increases from the edges of the 
probe towards the center. The delay will be doubled when the focal distance 
is halved (see Figure 1-12). The element timing has a linear increase when the 
element pitch increases (see Figure 1-13). For a sectorial (azimuthal) scan 
without a wedge, the delay on identical elements depends on the element 
position in the active aperture and on the generated angle (see Figure 1-14). 
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Figure 1-12 Delay values (left) and depth scanning principles (right) for a 32-element linear 
array probe focusing at 15 mm, 30 mm, and 60 mm longitudinal waves. 
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Figure 1-14 Left: an example of an element position and focal depth for a probe with no 
wedge (longitudinal waves between 15° and 60°). Right: an example of delay dependence on 
generated angle. 


Probe on the wedge. If the phased array probe is on a wedge, the delay value 
also depends on wedge geometry and velocity, element position, and 
refracted angle (see Figure 1-15). 


The delay has a parabolic shape for the natural angle given by Snell’s law (45° 
in Figure 1-16). For angles smaller than the natural angle provided by Snell’s 
law, the element delay increases from the back towards the front of the probe. 
For angles greater than the natural angle, the delay is higher for the back 
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elements, because the beam generated by the front elements follows a longer 
path in the wedge, and thus the front elements have to be excited first. 


Figure 1-15 Example of delay value and its shape for detecting three side-drilled holes with 


shear waves. The probe has 16 elements and is placed on a 37° Plexiglas® wedge (natural 
angle 45° in steel). 


' 60 degrees : 


Time delay [ns] 


0 4 8 12 16 20 24 28 32 
Element number 


Figure 1-16 Example of delay dependence on refracted angle and element position for a 
phased array probe on a 37° Plexiglas® wedge (H; = 5 mm). 


Delay tolerances. In all the above cases, the delay value for each element must 
be accurately controlled. The minimum delay increment determines the 
maximum probe frequency that can be used according to the following ratio: 
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Atalay [in microseconds, ps] (1.1) 


a 
Ie 
where: 


n =number of elements 
fe =center frequency [in MHz] 


The delay tolerances are between 0.5ns and 2 ns, depending on hardware 
design. 


Other types of phased array probes (for example, matrix or conical) could 
require advanced simulation for delay law values and for beam feature 
evaluation (see chapter 3). 


1.4 Basic Scanning and Imaging 


During a mechanical scan, data is collected based on the encoder position. 
The data is displayed in different views for interpretation. 


Typically, phased arrays use multiple stacked A-scans (also called angular 
B-scans) with different angles, time of flight and time delays on each small 
piezocomposite crystal (or element) of the phased array probe. 


The real-time information from the total number of A-scans, which are fired 
at a specific probe position, are displayed in a sectorial scan or S-scan, or in a 
electronic B-scan (see chapter 2 for more details). 


Both S-scans and electronic scans provide a global image and quick 
information about the component and possible discontinuities detected in the 
ultrasonic range at all angles and positions (see Figure 1-17). 


Courtesy of Ontario Power Generation Inc., Canada 


Figure 1-17 Detection of thermal fatigue cracks in counter-bore zone and plotting data into 
3-D specimen. 
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Data plotting into the 2-D layout of the test piece, called corrected S-scans, or 
true-depth S-scans makes the interpretation and analysis of ultrasonic results 
straightforward. S-scans offer the following benefits: 


e Image display during scanning 
¢ True-depth representation 
e 2-D volumetric reconstruction 


Advanced imaging can be achieved using a combination of linear and 
sectorial scanning with multiple-angle scans during probe movement. S-scan 
displays, in combination with other views (see chapter 2 for more details), 
lead to new types of defect imaging or recognition. Figure 1-18 illustrates the 
detection of artificial defects and the comparison between the defect 
dimensions (including shape) and B-scan data after merging multiple angles 
and positions. 


Figure 1-18 Advanced imaging of artificial defects using merged data: defects and scanning 
pattern (top); merged B-scan display (bottom). 


A combination of longitudinal wave and shear-wave scans can be very useful 
for detection and sizing with little probe movement (see Figure 1-19). In this 
setup, the active aperture can be moved to optimize the detection and sizing 
angles. 
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Figure 1-19 Detection and sizing of misoriented defects using a combination of longitudinal 
wave (1) and shear-wave sectorial scans (2). 


Cylindrical, elliptical, or spherical focused beams have a better signal-to-noise 
ratio (discrimination capability) and a narrower beam spread than divergent 
beams. Figure 1-20 illustrates the discrimination of cluster holes by a 
cylindrical focused beam. 


@ 


Figure 1-20 Discrimination (resolution) of cluster holes: (a) top view (C-scan); (b) side view 
(B-scan). 


Real-time scanning can be combined with probe movement, and defect 
plotting into a 3-D drafting package (see Figure 1-21). This method offers: 

e High redundancy 

¢ Defect location 

e Accurate plotting 

¢ Defect imaging 
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¢ High-quality reports for customers and regulators 


¢ Good understanding of defect detection and sizing principles as well the 
multibeam visualization for technician training 


Courtesy of Ontario Power Generation Inc., Canada 


Figure 1-21 Example of advanced data plotting (top) in a complex part (middle) and a zoomed 
isometric cross section with sectorial scan (bottom).25 
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1.5 


Ultrasonic Technology 


Limitations and Further Development of Phased Array 


Phased array ultrasonic technology, beside the numerous advantages 
mentioned at the beginning of this chapter, has specific issues listed in Table 
1-1, which might limit the large-scale implementation of the technology.*° 


Table 1-1 Limitations of phased array ultrasonic technology and Olympus NDT’s approaches to 


overcome them. 


Specific details Olympus NDT approach 


Equipment too 
expensive 


Probes too expensive 
with long lead delivery 


Requires very skilled 
operators with 
advanced ultrasonic 
knowledge 


Calibration is time- 
consuming and very 
complex 


Hardware is 10 to 20 times more 
expensive than conventional UT. 


Expensive spare parts 


Too many software upgrades— 
costly 


Require simulation, compromising 


the features 


Price 12 to 20 times more 
expensive than conventional 
probes 


A multidisciplinary technique, 
with computer, mechanical, 
ultrasonic, and drafting skills 


Manpower a big issue for large- 
scale inspections 


Basic training in phased array is 
missing. 


Multiple calibrations are required 
for probe and for the system; 
periodic checking of functionality 
must be routine, but is taking a 
large amount of time. 


¢ Miniaturize the hardware 


design, include similar features 
as conventional ultrasonics 


Standardize the production line 
Price will drop to 2-8 times vs. 
conventional UT. 

Limit software upgrades 

Issue a probe design guideline, a 
new book on PA probes and 
their applications 

Standardize the probe 
manufacturing for welds, 
corrosion mapping, forgings, 
and pipelines 

Probe price should decline to 3 
to 6 times the price of 
conventional probes. 

Set up training centers with 
different degrees of 
certification/knowledge, and 
specialized courses 

Issue books in Advanced 
Practical NDT Series related to 
phased array applications 


Develop and include calibration 
wizards for instrument, probe, 
and overall system 

Develop devices and specific 
setups for periodic checking of 
system integrity 

Standardize the calibration 
procedures 
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Table 1-1 Limitations of phased array ultrasonic technology and Olympus NDT’s approaches to 
overcome them. (Cont.) 


Specific details Olympus NDT approach 


Data analysis and 
plotting is time- 
consuming 


Method is not 
standardized 


Redundancy of defect data makes 
the interpretation/analysis time 
consuming. 


Numerous signals due to multiple 
A-scans could require analysis and 
disposition. 

Data plotting in time-based 
acquisition is time-consuming. 


Phased array techniques are 
difficult to integrate into existing 
standards due to the complexity of 
this technology. 


Standards are not available. 


Procedures are too specific. 


Develop auto-analysis tool 
based on specific features 
(amplitude, position in the gate, 
imaging, echo-dynamic pattern) 
Develop 2-D and 3-D direct 
acquisition and plotting 
capability345 (see Figure 1-21 
and Figure 1-22) 

Use ray tracing and incorporate 
the boundary conditions and 
mode-converted into analysis 
tools 

Active participation in national 
and international 
standardization committees 
(ASME, ASNT, API, FAA, ISO, 
IIW, EN, AWS, EPRI, NRC) 
Simplify the procedure for 
calibration 

Create basic setups for existing 
codes 

Validate the system on 
open/blind trials based on 
Performance Demonstration 
Initiatives?©-97 

Create guidelines for equipment 
substitution 

Prepare generic procedures 


Compared to the time-of-flight-diffraction (TOFD) method, phased array 
technology is progressing rapidly because of the following features: 


Use of the pulse-echo technique, similar to conventional ultrasonics 


Use of focused beams with an improved signal-to-noise ratio 


Data plotting in 2-D and 3-D is directly linked with the scanning 
parameters and probe movement. 


Sectorial scan ultrasonic views are easily understood by operators, 
regulators, and auditors. 

Defect visualization in multiple views using the redundancy of 
information in S-scan, E-scans, and other displays offers a powerful 
imaging tool. 

Combining different inspection configurations in a single setup can be 
used to assess difficult-to-inspect components required by regulators. 
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Figure 1-22 shows an example of the future potential of phased arrays with 
3-D imaging of defects. 


Figure 1-22 Example of 3-D ultrasonic data visualization of a side-drilled hole on a sphere.34 


Olympus NDT is committed to bringing a user-friendly technology to the 
market, providing real-time technical support, offering a variety of hands-on 
training via the Olympus NDT Training Academy, and releasing technical 
information through conferences, seminars, workshops, and advanced 
technical books. 


Olympus NDT’s new line of products (OmniScan® MX 8:16, 16:16, 16:128, 
32:32, 32:32-128, TomoScan FOCUSLT™ 32:32, 32:32-128, 64:128, 
QuickScan™, Tomoscan III PA) is faster, better, and significantly cheaper. The 
price per unit is now affordable for a large number of small to mid-size 
companies. 
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2. Scanning Patterns and Ultrasonic Views 


This chapter describes automated ultrasonic-inspection (or scan) patterns and 
typical ultrasonic data views in setup, acquisition, and analysis modes 
currently used by R/D Tech® systems.!-!8 Specific views used for calibrations 
and probe FFT evaluation are detailed in chapter 3 and 4. These views can 
also be found in Phased Array Technical Guidelines: Useful Formulas, Graphs, and 
Examples.14 


2.1 Scanning Patterns 


Reliable defect detection and sizing is based on scan patterns and specific 
functional combinations between the scanner and the phased array beam. 


The inspection can be: 


¢ automated: the probe carrier is moved by a motor-controlled drive unit; 


© semi-automated: the probe carrier is moved by hand or by using a hand 
scanner, but the movement is encoded and data collected; or 


¢ manual (or time-based, sometimes called free running): the phased array 
probe is moved by hand and data is saved, based on acquisition time(s), 
or data is not saved. 


The acquisition may be triggered by the encoder position, the internal clock, 

or by an external signal. 

R/D Tech® systems can provide the following inspection types:!-10 

e Tomoscan III PA, Tomoscan FOCUS™, TomoScan FOCUS LT™: 
automated, semi-automated, manual 


¢ OmniScan® PA: automated, semi-automated, manual 


* QuickScan® PA, PipeWIZARD®: automated (semi-automated for 
calibration/mechanical settings) 
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The probe carrier may be moved in any of the inspection sequences presented 
in Table 2-1. 


Table 2-1 Scanning patterns for automated and semi-automated inspections. 


; N 
Scanning pattern mabe Remarks 
of axes 


|Linear == | 1s All data is recorded in a single axial pass (see Figure 2-1). 


eee ed Acquisition is performed in both scanning directions (see Figure 
2-4), 


Unidirectional Acquisition is performed in only one scanning direction; scanner 
is moved back and forth on each scanning length (see Figure 2-4). 


Skewed/Angular 2 Similar to bidirectional, unidirectional, or linear with the main 

fhiciauicanedll (Eel axes skewed against the mechanical axes (see Figure 2-5). 

Helical 1 Acquisition is performed along a helicoidal path, that is, along 
ae i and around the cylinder (see Figure 2-6). 


Spiral 1 Acquisition is performed along a spiral path on a circular surface 
(see Figure 2-7). 


Customized for multiaxis or component profile. 


2.1.1 Linear Scan 


A linear scan is a one-axis scanning sequence using only one position encoder 
(either scan or index) to determine the position of the acquisition. 


The linear scan is unidimensional and proceeds along a linear path. The only 
settings that must be provided are the speed, the limits along the scan axis, 
and the spacing between acquisitions (which may depend on the encoder 
resolution). 


Linear scans are frequently used for such applications as weld inspections 
and corrosion mapping. Linear scans with electronic scanning are typically an 
order of magnitude faster than equivalent conventional ultrasonic raster 
scans. 


Figure 2-1 shows a typical raster scan (left) and an equivalent linear scan 
(right). The linear scan saves time both at the “nul” zones where the raster 
scanner changes direction, and during the scan, since phased arrays can pulse 
much faster than mechanical scanners can move. 
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(4 A “Nul" Zones 


: Data Collection 


= Raster Steps 
Estep 


No Data Collection 


Figure 2-1 Raster scan pattern (/eft) and equivalent linear scan pattern (right). 


During the linear scan, the phased array probe emits either an electronic scan, 
an S-scan, or multiple scans. Depending on the setup and instrument, more 
than one scan can be performed simultaneously. For example, Figure 2-2 
shows electronic scans at two angles in conformance with typical ASME 
inspection requirements. Other scan patterns are possible, such as dual 
arrays, multiple S-scans, or combinations. 


Electronic scanning 45° SW 
and 
Electronic scanning 60° SW 


Figure 2-2 Typical dual-angle electronic scan pattern for welds with linear phased array and 
linear scanning. Normally, one array is used for each side of the weld. 


Linear scans are very useful for probe characterization over a reference block 
with side-drilled holes (see Figure 2-3). 
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Probe 


Probe Movement Axis 


Figure 2-3 Linear scan pattern for probe characterization. 


2.1.2 Bidirectional Scan 


In a bidirectional sequence, data acquisition is carried out in both the forward 
and backward directions along the scan axis (see Figure 2-4). 


2.1.3. Unidirectional Scan 
Ina unidirectional sequence, data acquisition is carried out in one direction only 
along the scan axis (see Figure 2-4). The scanner is then stepped for another 


pass. 


SCAN AXIS SCAN AXIS 


INDEX AXIS 
INDEX AXIS. 


BIDIRECTIONAL SCANNING UNIDIRECTIONAL SCANNING 


pestasesese MOVEMENT WITH ACQUISITION 
MOVEMENT WITHOUT ACQUISITION 


Figure 2-4 Bidirectional (/eft) and unidirectional (right) raster scanning. The red line represents 
the acquisition path. 
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2.1.4  Skewed Scan (for TomoView™ Software) 


This section was made available courtesy of Ontario Power Generation Inc., Canada. 


The skewed scan sequence (also called angular scan) is a derivation of the normal 
bidirectional scan sequence. This sequence allows the scan and index probe 
paths to be skewed by a software-selectable angle generated by small 
increments (closer to encoder resolution) on scan and index axis. This angle is 
different from the mechanical axes. The drawing in Figure 2-5 shows the 
actual probe movement with average line trajectory to approximate this 
angled scan path. 


This sequence is useful when the scanner axes and the inspection piece cannot 
be placed in the best scan path relative to each other, and/or the defect 
location and orientation require a specific scan pattern (line) for optimum 
detection and sizing. Selecting a specific scan path angle that best suits the 
inspection piece/defect orientation can thus eliminate expensive scanner 
modifications, significantly reduce the file size, and ease the defect analysis. 


Figure 2-5 Example of skewed (angular) bidirectional scanning. Left: probe scanning pattern 
versus the mechanical axis on a complex part; right: probe trajectory (red line) is skewed 
versus mechanical rectangular axis for an optimum angle to detect cracks in stress area. 
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2.1.5 Helicoidal Scan 


The helicoidal sequence is used to inspect cylindrical surfaces. The scanner 
performs a helicoidal movement around the cylinder. 


Two independent encoders control the sequence. The scan-axis encoder 
controls the continuous rotation around the cylinder, while the index-axis 
encoder controls the continuous movement along the length of the cylinder. A 
synchronization signal can be used to reset the scan-axis encoder to position 
“zero” after every rotation around the cylinder. 


The combinations of these two movements will create a helicoidal scan 
pattern (see Figure 2-6). 


Index axis 


Scan axis 


Figure 2-6 Helicoidal surface scan on cylindrical parts. The red line is the acquisition path. 


Helicoidal scans are used for full body inspection of larger pipes and tubes. In 
practice, helicoidal scans can be performed either by moving and rotating the 
tube, or by moving the scanning head and rotating the tube. 


2.1.6 Spiral Scan 


The spiral sequence is designed to inspect circular surfaces such as discs. The 
inspection mechanism performs a spiral movement on the circular surface 
(see Figure 2-7). Two independent encoders control the sequence. The scan- 
axis encoder controls the theta angle (8) in the continuous rotation around the 
surface center; while the index-axis encoder controls the rho position (p) in the 
continuous movement along the radius. A signal can be used to reset the 
scan-axis encoder to position zero after every rotation. 
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Figure 2-7 Spiral surface scan pattern. The red line is the acquisition path. 


2.1.7 Beam Directions 


The beam direction of the phased array probe may have a different direction 
to the scan- and index-axis directions. The definitions and angle value of 
these directions depend on the specific R/D Tech instrument and its software 
scanning options (TomoView™ or OmniScan®), as shown in Figure 2-8 for 
TomoView, and Figure 2-9 for OmniScan. These directions are defined by the 
probe skew angle. 


Scan axis 


Index axis 


Oo 
oO 
[e} 


Figure 2-8 Probe position and beam direction related to scan and index axis (TomoView™ 
software). Skew angle must be input into the focal-law calculator. 
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0° Beam 
{ direction 


270° 


offset X 


Aiasyo 


Orientation = Y+ 


Orientation = Y— Orientation = X— 


Figure 2-9 Beam direction conventions for OmniScan®. 


The limits of the inspection surface, as well as the spacing between 
acquisitions (resolution on each axis), will determine the scanning surface, the 
number of A-scans acquired along the scan axis, and pixel size of the 
ultrasonic data. 


An example of setting up a scanning sequence using TomoView © 2.2R9 is 
presented in Figure 2-10. 
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Sequence | Sequence Controls | Encoders | Options | 


Type |Unidirectionnal >| Fire on Encoder >| 


Encoder Start Stop Resolution Speed Unit Preset Preset value 


Scan: [Encoder 1 | 0 200 1 Gptinize| | 25 [mm | [Never >] 0 Set| 
Index: [Encoder 2 0 100 T | Gitinize| | 25 [mm | [Never >] 0 Set| 


Figure 2-10 Unidirectional sequence of a 200 mm by 200 mm area. Pixel size of the C-scan is 
1mm by 1 mm. Scanning speed on both axes is 25 mm/s. 


2.1.8 | Other Scanning Patterns 


The part, the probe movement, and the beam direction may generate 
scanning patterns for any of the following combinations (see Table 2-2 and 
Figure 2-11 to Figure 2-13). 


Table 2-2 Inspection sequence dependence on part, scanner, and beam. 


Beam linear scan 


One line scan 


— 


Figure 2-11 Beam electronic scan principle. Part and probe are not moving. 
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Figure 2-12 Electronic and linear scan of a weld (principle). Index axis (raster scan in 
conventional UT) is eliminated through electronic scanning by the probe arrays (increasing 
speed and reliability). Note that wedges are usually used to reduce wear and optimize incident 
angles. 


Figure 2-13 Generation of a helicoidal scan by a combination of part translation and beam 
rotation. 
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2.1.9  Time-Based Scanning 


If the encoder is set on time (clock), then the acquisition is based on scanning 
time (seconds) [see Figure 2-14]. The sequence is used for detection and 
sizing, but should not be used for defect plotting. 


Figure 2-14 Time-based sequence examples (B-scan and S-scan). The B-scan horizontal axis 
value is the number of acquired A-scans in a given time interval. 


The acquisition time for a free-running sequence is calculated by the total 
number of acquisitions, divided by the acquisition rate: 


N ae 
= acquisition 
T irsectrase N (2 © 1) 
A-scans/s 


2.2 Ultrasonic Views (Scans) 


Ultrasonic views are images defined by different plane views between the 
ultrasonic path (Usound) and scanning parameters (scan or index axis). The 
most important views, similar to 2-D projections of a technical drawing, are 
presented in Figure 2-15. These projection views are a plan or cumulated 
plans coming from C-scans, B-scans, and D-scans; the projection views are 
also called “top, side, and end” views. 


If the probe skew angle is 0° (or 180°), the side view (B-scan) will become the 
end view (D-scan), and vice versa. The B-scan is defined by the depth and 
probe movement axes. The D-scan is defined by the depth and the electronic 
scan axis. 
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The basic ultrasonic views (scans) are: 


e §6A-scan 
e =6©B-scan 
e C-scan 
e D-scan 
e S-scan 


e =6Polar view 
e Strip chart (amplitude and/or position) 
e TOFD view (special gray-scale application of a B-scan) 


There are also combined views, such as “top, side, end” or “top, side, TOFD” 
views. 


Top (C) view 


Index axis 


Ultrasound 


Ultrasound 


Side (B) view 


Figure 2-15 Ultrasonic views (B-scan, C-scan, and D-scan). Probe skew angle is 270°. 
Magenta indicates the ultrasonic axis; blue, the mechanical index axis; and green, the 
electronic scan axis for a linear scan. 
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2.2.1  A-Scan 


An A-scan is a representation (view) of the received ultrasonic pulse 
amplitude (% full-screen height, or % FSH) versus time of flight (TOF—in 
microseconds) or ultrasonic path (UT path), also called a waveform. An 
A-scan can be displayed as an RF (radio-frequency) or bipolar-rectified signal 
(see Figure 2-16). 


RF bipolar 
rectified 


[HS4 %] apnyjduy 


UT path [mm] or TOF [11s] 


Figure 2-16 A-scan representation: RF signal (left); rectified (right). 


Color encoding of the rectified A-scan signal amplitude (see Figure 2-17) adds 
another dimension and makes it possible to link the probe movement 
coordinates (or the acquisition time) with the ultrasonic data as color-encoded 
amplitude for different options based on color palette threshold definition. 


The color palette can be customized using arbitrary levels (see Figure 2-18).!1 


100% 


Amplitude 


0% 


Figure 2-17 Example of a color-encoded rectified A-scan signal used to create a color-coded 
B-scan. 


“hate axis 


Ultrasonic pene TOF 
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Figure 2-18 Examples of color palette options for TomoView™ analysis of a fatigue crack 
volume-corrected (VC) sectorial scan display: (a) rainbow; (b) rainbow +12.5 dB with threshold 
25-75 %; (c) rainbow reverse +12.5 dB; (d) balance reverse +12.5 dB and threshold 0-60 %. 


Ultrasonic data with an RF display is usually encoded as gray-scale pixels, 
with black and white limits from —100 % to 100% to preserve the phase 
information. Gray-scale amplitude encoding is used in TOFD setups and data 
analysis, as shown in see Figure 2-19. 


4 fj \ 
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Figure 2-19 Encoding of RF signal amplitude in gray-scale levels. 


The most important 2-D views are presented in sections 2.2.2 —2.2.10. 
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2.2.2 B-Scan 


The B-scan is a 2-D view of recorded ultrasonic data. Usually, the horizontal 
axis is the scan position and the vertical axis is the ultrasonic (USound) path 
or time (see Figure 2-20, left); the axes can be reversed, depending on the 
required display. The position of the displayed data is related to the encoder 
positions at the moment of the acquisition. Essentially, a B-scan is a series of 
stacked A-scans or waveforms. Each A-scan is represented by an 
encoder/time-base sampling position. The number of A-scans in a B-scan 
view is given by the formula: 


N _ _ Scanning length (mm) (2.2) 


A-scans Scanning resolution (mm) 


The A-scan is amplitude color-coded (using color palette). Stacked A-scans, 
normally called a B-scan, is effectively the echo-dynamic envelope in the axis 
of mechanical or electronic beam movement. As such, this display elongates 
the defect image, and distorts the defect size due to beam spread and other 
factors. Some experience is required with cursor sizing to understand and 
compensate for this. 


If the ultrasonic path is corrected for the refracted angle and delay, the B-scan 
will represent the volume-corrected side view of the inspected part, with scan 
length on the horizontal axis and depth on the vertical axis (see Figure 2-20, 
right). 


UT path (mm) 


Scanning length (mm) 


Scanning length (mm) 


Figure 2-20 Uncorrected B-scan (side view) of component (left), and Side (B-scan) view 
corrected for refracted angle (right). 
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2.2.3 C-Scan 


A C-scan is a 2-D view of ultrasonic data displayed as a top or plan view of the 
test specimen. One of the axes is the scan axis; the other is the index axis. With 
conventional ultrasonic systems, both axes are mechanical; with linear 
phased arrays, one axis is mechanical, the other is electronic. The position of 
the displayed data is related to the encoder positions during acquisition. Only 
the maximum amplitude for each point (pixel) is projected on this 
“scan-index” plan view, technically known as a C-scan (see Figure 2-21). 


Index axis (mm) 


—> 


—S———F Scan axis (mm) 


Figure 2-21 Example of top (C-scan) view. 


2.2.4 D-Scan 


A D-scan is a 2-D graphical presentation of the data. It is similar to the B-scan, 
but the view is at right angles to the B-scan. If the B-scan is a side view, then 
the D-scan is an end view, and vice-versa. Both D-scans and B-scans are gated 
to only show data over a predefined depth. One of the axes is defined as the 
index axis; the other is the ultrasonic path (USound) [see Figure 2-22]. The 
B-scan displays scan axis position versus time, whereas the D-scan displays 
index axis position versus time. 
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Index axis (mm) 


—> 


——s UT path (mm) 


Figure 2-22 Example of end (D-scan) view. 


If the ultrasonic path is corrected for angle and delay, the vertical axis 
represents the depth. The end (D-scan) view is very useful for data analysis 
using the 2-D overlay (specimen) drawing, particularly for welds. 


2.2.5 S-Scan 


An S-scan (sectorial or azimuthal scan) represents a 2-D view of all A-scans 
from a specific channel corrected for delay and refracted angle. A typical S-scan 
sweeps through a range of angles using the same focal distance and elements. 
The horizontal axis corresponds to the projected distance (test-piece width) 
from the exit point for a corrected image, and the vertical axis corresponds to 
the depth (see Figure 2-23). 


However, the S-scan view should not be identified only with a pie-shape 
image. S-scans can have different shapes and different axis values, depending 
on software options (Olympus NDT’s TomoView™ or OmniScan®, or Zetec’s 
UltraVision®), the window properties, and the focal law/ultrasonic setup. 


Examples of different S-scan display options are presented in Figure 2-24 to 
Figure 2-26. 
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{uw) wpdeg 


——* _ Projected distance (mm) 


Figure 2-23 Example of TomoView™ VC Sectorial Scan (volume-corrected sectorial scan or 
“true depth”) display for detecting and sizing a crack by longitudinal waves (left), and an 
isometric view of the specimen, probe, and crack (right). 


———  (aj6ue) mej jeooy 


———__ Depth(mm) ——> si UT path (mm) 


Figure 2-24 Example of TomoView sectorial scan (left) and uncorrected sectorial scan (right) 
of the same crack detected and displayed in Figure 2-23. 


——-» VPA [nr. A-scans ] 


> Absolute TOF [ js] ——> Scanning length [mm] 


Figure 2-25 Example of OmniScan® electronic-scan display for a 12 mm crack sizing for two 
different horizontal values: total TOF (left); true depth (right). Scan performed at 
15°-longitudinal waves. Note the height evaluation in time-base: (3.97 us x 5.95 mm/s) / 
2=11.8 mm. 
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, Time base If 
Stet [20.546 =] mm tc 
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Mode [Tice dec =) 06 fas} 


Figure 2-26 Example of TomoView VC (volume-corrected) S-scan in half-path (left) and in true 
depth (right) to detect side-drilled holes (SDH). Note the detection of an extra SDH on the lower 
right part of true-depth display. 


2.2.6 Polar Views 


A polar view (see Figure 2-27) is a two-dimensional view, useful for plotting 
data from boresonic inspections or inspections of cylindrical parts. Used in 
conjunction with the 2-D specimen layout, it provides the defect location 
(ID/OD depth and angle). 


Figure 2-27 Example of polar view. 
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2.2.7 — Strip Charts 


A strip chart is a display of peak-signal amplitude in the gate as a function of 
time, usually for a single channel. In some strip charts, other data such as 
time-of-flight (or position) is included. Typically, digital strip charts use 
multiple channels, each displaying the data from specific regions of a weld or 
other components (see Figure 2-28). 
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Figure 2-28 Multichannel strip chart display from pipeline AUT (ASTM E-1961-98 code). 
Display uses both amplitude and TOF data, plus couplant checks, TOFD, and B-scans. 


2.2.8 Multiple Views and Layouts 


Multiple views may be displayed on the screen in layouts (see Figure 2-29). 
These types of displays require full waveform capture (unlike the strip charts 
shown in Figure 2-28, which only require peak amplitude and time in the 
gate). Specific properties and group information are associated with each 
view. 
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Figure 2-29 Analysis layout with four views for dissimilar metal weld inspection with low- 
frequency phased array probes. 


The views can be displayed as a single plane or as volume projection using 
the gate selection (see Figure 2-30 and Figure 2-31). 


Ultrasound 


End (D) view 


Ultrasound 


Side (B) view 


Figure 2-30 Single plane projection of end (D) and side (B) views. 
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=e 


Side (B) view 
Figure 2-31 Volume projection with linked reference cursors on end (D) and side (B) views. All 


defects within the gate range are displayed. 


A combination of TOFD and phased array pulse-echo ultrasonic data for 
weld inspections can be displayed in a single layout (see Figure 2-32). 


SRE ISIE hm, 


Figure 2-32 Top (a), side (b), and end (c) views, plus waveform (d) and TOFD (e). 
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The TOFD technique is very useful for weld and other inspections. In the last 
few years, TOFD use has grown rapidly for many applications, such as 
pipeline and pressure vessel inspections. 


The TOFD technique is described in detail in reference 15 and in published 
papers,!@-18 TOFD courses,!9 and booklet.!4 The general setup for TOFD is 
shown in Figure 2-33. Figure 2-34 shows a typical TOFD grayscale. 


Transmitter | | Receiver 


Lateral waves 


Lateral waves (+) Upper tip (—) Lower tip (+) Back wall (—) 


Figure 2-33 Principle of TOFD and the phase sign of four major signals. The defect is 
assumed to be symmetrically located between the probes. 
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Figure 2-34 Standard TOFD display, using gray-scale B-scan gated from lateral wave to 
longitudinal wave backwall. 


TOFD is a very powerful technique, and allows the accurate sizing of defects. 
Sizing is based on the time of arrival of defects, not the amplitude; time of 
arrival of signals can be measured very accurately. 


TOFD also offers a good POD of midwall defects, including badly oriented 
defects. TOFD coverage can be around 90 % of the through-wall thickness. 
About 10 % is lost in the two dead zones (ID and OD), but the actual figure 
depends on the TOFD configuration, frequency, and damping. These two 
dead zones are located near the lateral wave and the back-wall reflection. 


To get full coverage, TOFD should be combined with the pulse-echo (PE) 
technique, as seen in section 2.2.9. Conveniently, TOFD and PE are 
complementary; the strong features of pulse-echo (for example, surface defect 
detection) are the weak points of TOFD, and vice versa. International 
standards#0! and ASME VIII Code?2-?3 detail the practical aspects on how 
to apply the TOFD method. 


52 Chapter 2 


2.2.9 | Combined TOFD and Pulse Echo (PE) 


The Rapid Detection TECHnique (RDTECH) combines TOFD with pulse echo 
(PE) to give a full coverage of welds, for example (see Figure 2-35). To 
simplify the acquisition and the analysis, the RDTECH requires an ultrasonic 
inspection system allowing simultaneous multichannel acquisitions and 
analysis like the Tomoscan™ conventional ultrasonic system or the 
Tomoscan FOCUS™ phased array system. 


Figure 2-35 Combined TOFD and pulse-echo technique, recommended for optimizing defect 
detection. 


2.2.10 Combined Strip Charts 
A combination of TOFD and phased-array pulse-echo UT data is used for 


pipelines and pressure vessel AUT. The full weld inspection results can be 
displayed in a single layout (see Figure 2-36). 
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Figure 2-36 Customized layout for TOFD and phased-array pulse-echo inspection of pipeline 
and pressure vessel welds. Data is plotted on a specific J-bevel weld profile. 


2.2.11 RID Tech TomoView Cube Views 


R/D Tech developed the TomoView'™ Cube, a 3-D display of ultrasonic views 
(see Figure 2-37). Scanning patterns, linear array passive and active apertures, 
as well as 2-D volume-corrected top (C-scan), side (B-scan), and end (D-scan) 
views are presented on five faces of this cube. An isometric view of ultrasonic 
data and the link with internal defects is presented in Figure 2-38. 


Figure 2-37 R/D Tech TomoView™ Cube (left), and showing all faces (right). 
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Figure 2-38 Isometric view of R/D Tech cube and the link between ultrasonic data, internal 
defects, and probe-scanning pattern. 
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3. Probes and Ultrasonic Field Formula 


This chapter describes the main aspects of probes and arrays used in phased 
array and ultrasonic inspections. Initially, manufacturing issues are 
addressed, followed by the physics of ultrasound, array nomenclature, and 
some examples. 


3.1 Piezocomposite Materials 


One of the main technical problems for large-scale applications of phased 
array technology in the late 1970s and mid-1980s was the manufacturing 
process and acoustic insulation between array elements. The high cross-talk 
amplitude between elements and the challenge to cut curved-shaped 
piezoelectric materials led to a setback in industrial development. The 
common piezoelectric materials are listed in Table 3-1. 


Table 3-1 Main properties of commonly used piezoelectric materials.*1-5 
0.5 0.1 


a a 
eae [BF [ a5 J 
*Data quoted from Sessler? 

**Krautkramer —ed. 4, p. 1194 

* Morgan Electroceramics 
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d33 = Piezoelectric modulus for thickness oscillations in the 33 crystal 
direction 

833 = Piezoelectric pressure constant in the 33 crystal direction 

k, | =Thickness-mode electromechanical coupling 

k = Relative dielectric permittivity 

Zac = Acoustic impedance 


6) = Quality factor 


The amount of acoustic energy transferred to the test piece reaches a 
maximum when the acoustic impedance is matched between the probe and 
the test piece. Some applications require an immersion technique and some 
use direct contact with components, typically for materials such as aluminum 
and/or steel. Most phased array shear-wave and _longitudinal-wave 
applications for weld inspections require contact probes mounted on a wedge 
to optimize efficiency and also to minimize wear. Impedance matching 
between the probe/wedge and the test piece can be achieved by mechanical 


(matching layer) or electrical (fine tuning with the KLM model®) methods. 
The main properties of matching layers are listed in section 3.1.1, “Matching 
Layer and Cable Requirements.” 


3.1.1 Matching Layer and Cable Requirements 
The key points of matching layer and cable requirements are: 


¢ Optimization of the mechanical energy transfer 

e Influence on the pulse duration 

¢ Contact protection for piezocomposite elements (wear resistance) 

e Layer thickness of 4/4 

The maximum electrical efficiency is obtained when the probe is matched to 
the electrical impedance of both the transmitter and the receiver. The KLM 


model takes into account all the steps along the transmission line of electrical 
signals. 


A good cable should have the following properties: 


¢ Minimum gain drop due to cable length 
¢ Low impedance—the ideal is 50 Q 
¢ Elimination/reduction of the cable reflections (cable speed: 2/3 djien¢) 


¢ Mechanical endurance for bending, mechanical pressure, accidental 
damage 
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3.1. 


3.2 


e Water resistance for all wires 


e Avoidance of internal wire twists 


A high value of d33 g33 represents a good transmitting-receiving energy. A 
low mechanical Q means that the transducer has a higher bandwidth and 
better axial resolution. The damping material placed behind the crystal can 
increase the bandwidth value. The main properties of the backing material 
are listed in section 3.1.2, “Backing Material.” 


2 Backing Material 
The key features of backing material are: 


e Attenuation of high-amplitude echoes reflected back from the crystal face 
(high acoustic attenuation) 


e Influence on pulse duration (damping) 
Piezocomposite Manufacture 


Piezocomposite materials were developed in the mid-1980s, primarily in the 
United States, in order to improve the ultrasonic imaging resolution in 
biomedical applications. Piezocomposites used for transducers are fabricated 
using a 1-3 structure, as described below. 


A piezocomposite is made of uniformly oriented piezoelectric rods embedded 
in an epoxy matrix, as depicted in Figure 3-1. The piezoceramic embedded in 
a polymer resin has a 1-D connectivity (that is, it is oscillating in one 
dimension towards the test piece), while the polymer has a 3-D connectivity. 


For example, PZT (lead zirconate titanate ceramic), in combination with 
different polymer resins, has a higher (d33 g33) value than its original parent 


material (see Table 3-2). 


The properties of 1-3 piezocomposite materials can be derived from Smith's 
effective medium theory mode’ and Finite Element Model (FEM)?-!° (see 
Figure 3-1). 
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Table 3-2 Values of d33 933 for different combinations between PZT and polymer 


resins.1:9 


1-3 PZT-polymer matrix . 
ee erie d33 833 (10-15 N/m) 


PZT + silicone rubber 190,400 
PZT rods + Spurs epoxy 46,950 
PZT rods + polyurethane 73,100 
PZT rods + REN epoxy 23,500 
— 


Polymer matrix Ceramic post 


Figure 3-1 The 1-3 composite coordinates according to Smith's theory’-8 (left) and a zoomed 
picture of piezocomposite material used for industrial phased array probes (right). 


Based on the assumption that the field quantities associated with the x(1) 
direction must be equal to those quantities associated with the y(2) direction, 
the following main piezocomposite features can be computed: 

e Thickness mode electromechanical coupling (k,) 

e Thickness mode velocity (v13)—see Figure 3-2 


e Effective characteristic impedance (for thickness mode) [Z;3]—see Figure 
3-3 
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Figure 3-2 Dependence of longitudinal velocity on ceramic concentration. 


30 


Acoustic impedance [kg/m? s] 


10 20 30 40 50 60 70 80 
Volume fraction ceramic [% ] 


Figure 3-3 Acoustic impedance dependence on volume fraction of PZT. 


The following advantages are obtained from a 1-3 piezocomposite probe: 


e Very low lateral-mode vibration; cross-talk amplitudes typically less than 
—34 dB to 40 dB 


e Low value of quality factor Q (see Figure 3-4) 
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e Increased bandwidth (70 % to 100 %) 

e High value of electromechanical coupling 

e Higher sensitivity and an increased SNR versus normal PZT probes 

e¢ Lower value for lateral vibration mode; cross-talk amplitude very low 
(< -30 dB) 

e Easy dice-and-fill technology for machining Fermat aspherically focused 
phased array probes and complex-shaped probes 

¢ Constant properties over a large temperature range 


e Easy to change the velocity, impedance, relative dielectric constant, and 
electromechanical factor as a function of volume fraction of ceramic 
material 


e Easy to match the acoustic impedance of different materials (from water 
to steel) 


¢ Reduced need for multiple matching layers 

e¢ Manufacturing costs comparable to those of an equivalent multiprobe 
system 

¢ Possibility of acoustic sensitivity apodization through the variation of the 
ceramic volume fraction across the phased array probe aperture (length) 


Figure of merit M ; Quality factor Q 


Figure of merit — M 


Bop aS Ese Se cate eek take —= = Quality factor —Q 


Volume fraction ceramic [%] 


Figure 3-4 Figure of merit M and quality factor Q dependence on PZT volume for a 1-3 
piezocomposite rod of 0.45 mm diameter. 
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More information regarding piezocomposite materials and their properties 
can be found in references 10-36. 


3.3. Types of Phased Array Probes for Industrial Applications 


The phased array probes used for industrial applications and their types of 
focusing/beam deflections are listed in Table 3-3 and presented in Figure 3-5 
to Figure 3-9. 


Table 3-3 Typical phased array probes widely available. 


1-D | 1-D Linear planar | 1-D Linear planar Depth, angle Elliptical | Figure 3-6 | | Figure 3-6 | 6 


Depth, solid Elliptical Figure 3-7 
angle 


2-D segmented Depth, solid Spherical or Figure 3-8 

annular angle elliptical 

1.5-D matrix Dae smal Elliptical Figure 3-9 
solid angle 


Figure 3-5 Annular phased array probes of equal Fresnel surfaces. 


Probes and Ultrasonic Field Formula 65 


PN 


Figure 3-6 1-D linear phased array probes. 


Figure 3-7 2-D matrix phased array probe. 


fe 

t] i 
a 
é 


Figure 3-8 1.5-D matrix phased array probe. 


Figure 3-9 Rho-theta (segmented annular) phased array probe. 
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Other types of phased array probes for special applications are presented in 
Figure 3-10 to Figure 3-13. 


e 


Pulse-echo 
or 
transmit-receive mode 


Planar 
or 
*s.. curved interface 
. 


. 


Figure 3-11 Cluster phased array probe for small diameter pipe/tube inspection showing 
typical beam angles. 
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Figure 3-12 2-D matrix conical phased array probe (R/D Tech U.S. patent 10-209,298). 


a) 


Chalet ss eeteny 
St sete eaeacees 


i: 


Figure 3-13 Mechanically focused phased array probes: (a) toroidal convex prefocused; 
(b) annular concave; (c) linear concave; (d) linear convex. 


Examples of focusing patterns for the commonly used probes are presented in 
Figure 3-14 to Figure 3-17. 


68 Chapter 3 


Figure 3-14 Spherical focusing (1-D depth) pattern and simulation of the beam profile for an 
annular phased array probe. 


Figure 3-15 Cylindrical focusing pattern (2-D: depth and angle) of linear phased array probe 
for detecting a stress-corrosion crack at the inner surface and a fatigue crack at mid-wall; 
simulation of beam profile for both depths. 
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Figure 3-16 Spherical/elliptical focusing pattern (3-D solid angle) of segmented annular 
phased array probe and beam simulation at two depths and two angles. Note the noise 
increase due to the grating lobes. 


Figure 3-17 Elliptical focusing pattern (3-D solid angle) of 2-D matrix phased array probe and 
beam simulation for two depths and two angles. 


3.4 Linear Arrays 


Linear arrays are the most commonly used phased array probes for industrial 
applications. Their main advantages are: 
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e Easy design 

e Easy manufacturing 

e Easy programming and simulation 

e Easy applications with wedges, direct contact, and immersion 
¢ Relatively low cost 

e Versatile 


The characteristic features of linear arrays are detailed in sections 3.4.1, 
“Active Aperture,” to 3.4.28, “Grating-Lobe Amplitude.” 


3.4.1 Active Aperture 


The active aperture (A) is the total probe active length. Aperture length is given 
by formula (3.1) [see also Figure 3-18]: 


A = ne+g(n-1) (3.1) 


A =active aperture [mm] 

g  =gap between two adjacent elements [mm] 
n =number of active elements 
e 


= element width [mm] 


~ ll . | i . 
—> 


a 
A 


Figure 3-18 Active and passive aperture. 
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3.4.2 Effective Active Aperture 


The effective active aperture (Ags) is the projected aperture seen along the 
refracted rays (see Figure 3-19). 


_ AcosBp 


3.2 
eff COS Oy (3.2) 


where: 


oy =incident angle in medium 1 


Br =refracted angle in medium 2 


The effective aperture depends on a programmed refracted angle. The 
effective aperture has a major influence on the actual focal depth and steering 
focus power (see section 3.4.12). 


Aw=A* cosB,/ cose. , 


Figure 3-19 Effective aperture definition. 


3.4.3 Minimum Active Aperture 


The minimum active aperture (A,jn) is the minimum active aperture to get an 
effective focusing at the maximum refracted angle. 


F(vg —v? © sin?Bp) ad 
Anin = (3.3) 


f®Vvpecos*Bp 
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where: 


V1 = velocity in first medium (water, wedge) [mm/ts] 
Vp = velocity in test piece [mm/us] 
f = ultrasound frequency [MHz] 
F = focal depth for maximum refracted angle [mm] 
Brmax= maximum refracted angle in the test piece [°] 


An example of minimum aperture dependence on angle and focal depth is 
given in Figure 3-20 for a linear array probe of 32 elements, p (pitch) = 1.0 mm 
on a Rexolite® wedge of 30° (45° natural refracted angle in steel for shear 
waves). Sweep range was set for 35° to 70°. 


Minimum aperture [ mm ] 


Focal depth [mm ] 


Figure 3-20 Example of dependence of minimum aperture size on focal depth. Linear phased 
array probe with p = 1.0 mm, n = 32 elements; refracted angle B = 70°. Note the maximum 
depth of effective focusing is z = 88 mm. 


3.4.4 Passive Aperture 


The passive aperture (W) is the element length or probe width (see Figure 3-18). 
Recommended passive aperture is determined by probe frequency and the 
focal depth range: 


W = LA[A(F pin + Fax) °° (3.4) 


min 
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Its contribution to the focal depth (near-field length) is given (for nonfocused 
probes) by formula (3.5): 


_ (A2 + W?2)(0.78 — 0.27W/A) 


N 3.5 
0 TA ( ) 
A good practical estimation is given by formula (3.6): 
0.25A? 
No *= we (3.6) 


The passive aperture contributes to sensitivity and defect length sizing. The 
maximum efficiency for a linear array probe is obtained with Wpassive = A- 


The passive aperture also affects the beam-diffracted pattern and the beam 
width (see Figure 3-21). Generally, design phased array probes with 
Woassive/ P >10 and/or keep Wpassive = (0.7 to 1.0) A (applicable to nonfocused 
probes). 


AX 645 Ky 4 AN eae 
Figure 3-21 Influence of passive aperture width on beam length (AY_¢ gp) and shape: 


(a) deflection principle and beam dimensions; (b) beam shape for W = 10 mm; (c) beam shape 
for W= 8 mm, 5 MHz shear wave, p = 1 mm; n = 32 elements; F = 50 mm in steel. 


A linear array probe with a larger passive aperture will have a double 
advantage: 


e deeper range focusing effect 
¢ narrower beam length 
Mechanical focusing of the passive aperture will reduce the beam spread in 


the y-direction (see Figure 3-22). The disadvantage of mechanical prefocusing 
is the limited applicability of the probe and the design of complex wedges. 
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Courtesy of Ontario Power Generation Inc., Canada 


Figure 3-22 Example of mechanical focusing of passive aperture for detection of linear 
defects in the disc bore area. 


3.4.5 Minimum Passive Aperture 


The passive aperture (elevation) has a minimum value dictated by a series of 
factors (minimum element area, sensitivity, bandwidth, beam length, element 
pitch, and frequency). Recommended values for the minimum elevation for 
specific frequencies are presented in Figure 3-23. 


13 


a = 
o-= 


Minimum elevation size [mm] 


NWP U WAN DO CO 


0 1 2 3 4 5 6 7 8 9 10 
Frequency [MHz] 


Figure 3-23 Recommended minimum passive aperture as function of frequency. 
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3.4.6 Elementary Pitch 


The elementary pitch (p) [mm] is the distance between the centers of two 
adjacent elements: 


p=etg 


3.4.7 Element Gap 


The element gap (g) [mm] (kerf) is the width of acoustic insulation between two 
adjacent elements. 


3.4.8 Element Width 


The element width (e) [mm] is the width of a single piezocomposite element. 
The general rule is keep e < 0.67 A to avoid grating lobes* at large steering 
angles: 


© design = 5) 


New modelling from the UK?” and Olympus NDT PipeWIZARD® probe 
design proved that the element pitch may be larger than the wavelength, but 
the steering capabilities are limited. OPG—Imasonic data for probe design 
and field results for turbine components?®~? support the fact the maximum 
pitch could exceed the wavelength (see Figure 3-24, Figure 3-69, and 
application examples in chapter 7). 


3.4.9 Maximum Element Size 


The maximum element size (€m4,) [mm] is the width of a single piezocomposite 
crystal, and depends on the maximum refracted angle: 


0.51427 
per sinB max. 


(3.7) 


3.4.10 Minimum Element Size 


KLM model, FE models, technological issues (cutting piezocomposite 
material with a pitch <0.30 mm is a technological challenge) and practical 
examples limit the minimum area size of the element due to the following 


76 Chapter 3 


negative effects: 


¢ Decrease of sensitivity (increase of electrical impedance) 
e Cross-talk effects 


¢ Minimum area required by a specific vibration mode 


This effect limits the pitch size based on the passive aperture value. A 
practical limit is given by the empirical formula: 


W passive 
emnin. > 10 (3.8) 


A recommended range for element pitch size range (min-max values) is 
presented in Figure 3-24. 


3,2 


2,8 


i 
un 


Pitch size € min-max [mm] 
a 


Frequency [MHz] 


Figure 3-24 Recommended practical values (min-max) for element pitch size as a function of 
frequency. 


The pitch size also depends on sweep range, material acoustic impedance, 
active aperture size, hardware configuration (maximum number of pulsers), 
inspection requirements, and scanning envelope. 


3.4.11 Sweep Range 


The sweep range (ABgweep [max-min]) is the difference between the maximum 
and minimum refracted angles of the focused beam in the test piece (see 
Figure 3-25). 
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Figure 3-25 Definition of sweep range for direct contact (longitudinal wave) and wedge 
(shear/longitudinal wave) inspection. 


3.4.12 Steering Focus Power 


The steering focus power [F(Bp) / Fo] is a dimensionless feature which expresses 
the focal depth dependence on the sweep angle (see Figure 3-26). 


F(B.) (Se 
Fy ~ KcosB 


(3.9) 


where: 


F(B,) = focal depth for refracted angle B, 
Fo = focal depth for Snell’s law wedge angle 


For example, for a linear array probe in direct contact with the test piece (no 
wedge) generating L-waves, the steering focus power is reduced by half for a 
45° sweep angle and down to one quarter for 60° sweep angle. 


78 Chapter 3 


Steering focus power 


0 10 20 30 40 50 60 
Refracted angle 


Figure 3-26 Steering focus power dependence on refracted angle. 


3.4.13 Gain Compensation 


An example of gain compensation due to sweep range (effective aperture) is 
presented in Figure 3-27. 


Note: When using a refracting wedge, the value referred to is the 
refracted angle given by Snell’s law for the specific wedge material and 
angle. 


Amplitude variation [dB] 
Amplitude variation [dB] 


30 40 50 60 70 
Refracted angle [degrees] Angle in steel S-waves [degrees] 


Figure 3-27 Amplitude dependence on steering angle for longitudinal waves in steel (-60° to 
+60°) [left]; and shear waves with a sweep range: 30° to 70° with a central-ray refracted angle 
of 45° (right). 
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The cross section of a beam, which is circular at normal incidence, will 
become elliptical at high refraction angles. The beam dimensions depend on 
the active and passive apertures, according to the relationships explained in 
the following sections. 


Gain compensation with refracted angle is now included in the gain offset, 
which value is calculated by an ACG (Angle-Corrected Gain) procedure. The 
value depends also on frequency, active aperture, reflector type, and reflector 
depth. More details about ACG can be found in chapters 5 and 7. 


3.4.14 Beam Length 


Beam length (AY_¢ gp) [mm] is the length of the beam in a C-scan display at a 


specific depth (z) in a plane perpendicular to the incident plane (parallel with 
the passive aperture—see Figure 3-21). 


0.9 UT nN 
h 
AY 63% (3.10) 


passive 


The beam length is evaluated based on echo dynamics from the flat-bottom 
hole (FBH) profiles (see Figure 3-28). An alternative method is using round- 
bottom side-drilled holes (RBSDH—see chapter 5). 


Figure 3-28 Beam length (AY_¢ gg) measurement on FBH placed in a step block. 


3.4.15 Beam Width 


Beam width (AX_¢ gp) [mm] is the length of the beam in a C-scan display at a 


specific depth (z) in the incident plane (parallel to the active aperture—see 
Figure 3-20). 
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0.9UT_WA 
~ —_—_—_path™ 
AX cap Aiosb (3.11) 


Relations (3.10) and (3.11) are valid for ultrasound paths greater than the focal 
depth. The formulas predict the beam width to within 15 % to 30 % accuracy. 


The beam width is measured based on echo dynamics from a side-drilled 
hole (SDH). 


The beam width depends on focal depth, refracted angle, virtual probe 
aperture, and probe frequency (see Figure 3-29 to Figure 3-32). 


| Linear phased array probe 
26x15 


Rexolite -26 
‘% F=30mm 


Beam width [mm] 


10 20 30 40 50 60 
Depth [mm] 


Figure 3-29 Example of beam-width dependence on refracted angle and depth for shear-wave 
probe (left). Beam width measured on side-drilled holes for 0° longitudinal-wave probe (right). 


VPA = 32 el VPA = 16 el VPA = 8 el 


Ax < AX, < AX 


32 el 8el 


Figure 3-30 The principle of beam-width dependence on virtual probe aperture (VPA) for: 
(a) 32-element (eft), (b) 16-element (middle), and (c) 8-element VPA (right). 
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Beam width AX-6 dB 


2 3 4 5 6 7 8 9 10 
Probe Frequency [ MHz] 


Figure 3-31 Example of beam-width dependence on probe frequency for the same active 
aperture; LW at 0°, F = 20 mm in carbon steel. 


Experimental Experimental 


Beam width A X-6 dB mm] 
Beam width A X-6 dB [mm] 


8 12 16 20 24 28 32 36 40 44 48 52 56 60 64 8 12 16 «20 2H B82 HOH 5G 
Number of elements Number of elements 


Figure 3-32 Example of beam-width dependence on number of elements (VPA) for LW direct- 
contact 1-D probe on carbon steel. Left: 8 MHz, F = 30 mm; right: 10 MHz, F = 20 mm. 


The agreement between theoretical and experimental measurement is within 
0.5mm bandwidth error. The errors are greater for small VPA and lower 
frequency due to the large echo-dynamic envelope. 


3.4.16 Focal Depth 


The focal depth (Fp) [mm] is the distance along the acoustic axis for the 
maximum amplitude response (see Figure 3-33). 
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Amplitude [dB] 


UT path z (mm) 


Ziower Fac Zz 


upper 


Figure 3-33 Definition of focal depth and depth of field. 


There are four types of focusing options (see Figure 3-34): 


e¢ On the z-axis (variable depth): Projection 
e¢ On the x-axis (constant depth, angular): True depth 
¢ On the UT path (xz plane): Half path 


On a specific line equation in the xz plane: Focal plane 


Projection (z) True depth (x) Half path Focal plane 
O?+27)" z=axt+b 


$a 4g $a 9 


Figure 3-34 Types of focusing for linear phased array probe. 


3.4.17 Depth of Field 


Depth of field (L_¢ ap) [mm], or focal length, is the length measured at the -6 dB 
drop along the acoustic axis, taking the focal depth as a reference point. 
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3.4.18 Focal Range 


The focal range is the scanning distance either in depth or in ultrasonic path 
length for multichannel focal laws or with sweep angles (see Figure 3-35). The 
focal range is determined by the -6 dB-drop method; for some applications 
based on the through-transmission technique, the focal range is determined 
by the -3 dB-drop method. 


Amplitude 


SSS 


Focal range 


Ultrasound path (mm) 


Figure 3-35 Focal range definition for -6 dB-drop method (pulse-echo). 


3.4.19 Near-Surface Resolution 


Near-surface resolution (dead zone, dy<¢_a4c) [mm] is the minimum distance from 
the scanning surface where a reflector (SDH or FBH) amplitude has more 
than a 6 dB resolution compared with the decay amplitude from the main 
bang (initial pulse) for a normal beam (see Figure 3-36). The dead zone 
increases as the gain increases. 


3.4.20 Far-Surface Resolution 


Far-surface resolution (dispw) [mm] is the minimum distance from the inner 
surface where the phased array probe can resolve the signal from specific 
reflectors (SDH or FBH) located at a height of 1mm to 5mm from the 
flat/cylindrical backwall (see Figure 3-36). 
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Figure 3-36 Definition of near-surface and far-surface resolution. 


3.4.21 Axial Resolution 


Axial resolution (Az) [mm] is the minimum distance along the acoustic axis— 
for the same angle—for which two adjacent defects located at different depths 
are clearly displayed by amplitude decay of more than 6 dB from peak to 
valley (see Figure 3-37). The axial resolution formula is given by: 


AT_59 gpl bs] 
[mm/ps] x > — or ee [mm] 


Az =v 


test piece 


A shorter pulse duration (high-damped probe and/or higher frequency) will 
produce a better axial resolution. Axial resolution is evaluated for a static 
probe position. 


Abcam Get CRAM O STO LOW? 
Axial resolution 


Figure 3-37 Axial resolution definition (left). Example of axial resolution for -17° A-scan of two 
defects, spaced apart by 1 mm (right). 
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3.4.22 Lateral Resolution 


Lateral resolution (Ad) [mm] is the minimum distance between two adjacent 
defects located at the same depths, which produce amplitudes clearly 
separated by, at least, 6 dB from peak to valley (see Figure 3-38). For lateral 
resolution, the probe is moved. Depending on probe movement, the lateral 
resolution depends on beam width (probe moves parallel with active 
aperture), or beam length (probe moves parallel with passive aperture), 
evaluated by an echo-dynamic method. The lateral resolution depends on 
effective active aperture, frequency, and defect location (see Figure 3-39 and 
Figure 3-40). If the probe is an annular array, the beam length is equivalent to 
the beam diameter. 


The lateral resolution formula along the passive aperture is given by: 


AY 
Ad = =e (3.12) 


Echodynamics over two defects 


Figure 3-38 Lateral resolution discrimination of two adjacent defects: (a) probe movement 
principle; (b) echo dynamics of two defects; (c) ultrasonic data to resolve volumetric defects 
(same depth and same angle of detection) spaced apart by a distance of less than 1 mm. 


Lateral resolution formula on x-axis (parallel with active aperture) is given by 
(see also Figure 3-39): 


Ad. = 0.11 Viest piece (3.13) 


oe fsin(@/2) 
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where: 
= 0.25 of the beam width (AX _¢ gg) at -6 dB drop [mm] 


Ad, 
= ultrasonic velocity in the test piece [mm/s] 


Vtest piece 
f = probe frequency [MHz] 
= angle beneath which the VPA is seen from the focal point 


(effective aperture angle) [°] 


ts) 


Figure 3-39 The principle of lateral resolution on x-axis (active aperture) for shear waves and 
wedge (left); same principle for a virtual probe with longitudinal waves and no wedge (right). 


as 


Figure 3-40 Example of PA data for resolving three notches spaced 1 mm apart (left); lateral 
resolution for shear waves of 8 MHz, VPA = 10 mm for detecting two-defect-space apart 
0.5 mm and located at a depth z = 17 mm (right). 
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3.4.23 Angular Resolution 


The angular resolution is the minimum angular value between two A-scans 
where adjacent defects located at the same depth are resolvable for static 
probe position (see Figure 3-41 and Figure 3-42). 


® ©) 


Figure 3-41 Angular resolution and detection of three 0.5 mm SDHs spaced apart by 0.8 mm 
and 1.2 mm; SDHs are located at z = 25.7 mm: (a) principle; (b) angle-corrected true depth; 
and (c) echo dynamic. 


Courtesy of Ontario Power Generation Inc., Canada 


Figure 3-42 Example of lateral resolution S-scan images for 10 “pits” of 0.5 mm spaced apart 
by 0.5 mm in a rotor steeple hook. Probe features: 10 MHz, p = 0.31 mm, n= 32 elements, 
F=15 mm, L-waves. 


Another example of angular resolution for detecting and sizing cracks in a 
counterbore and weld root is presented in Figure 3-43. 
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Courtesy of Ontario Power Generation Inc., Canada 


Figure 3-43 Example of angular resolution in detection and sizing adjacent cracks in the weld 
root area spaced apart by 2.5 mm. 


3.4.24 Main Lobe 


The main lobe is the acoustic pressure directed towards the programmed 
angle. 


3.4.25 Side Lobes 


Side lobes are produced by acoustic pressure leaking from probe elements at 
different and defined angles from the main lobe. 


3.4.26 Grating Lobes 


Grating lobes are generated by acoustic pressure due to even sampling across 
the probe elements (see Figure 3-44). 


Their locations are given from formula (3.14): 
s ajfMA\ 
B erating = Sin ca [in rad] (3.14) 


where: 


m=1, £2, 43,... 
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———_—_ 
Steering angle 


Figure 3-44 Directivity plot for a phased array probe: M = main lobe; S = side lobes; 
G = grating lobes. Barating is shown in orange; the main lobe, in yellow (/eft). Example of two 


symmetrical grating lobes (G) due to a large pitch size and small active aperture size for 
L-waves probe of 4 MHz (right). 


Note: Probe design optimization is achieved by: 


Minimizing the main lobe width 


Suppressing the side lobes 


Eliminating the grating lobe(s) 


3.4.27. Beam Apodization 


Beam apodization is a computer-controlled feature that applies lower voltage to 
the outside elements in order to reduce the side lobes. 


3.4.28 Grating-Lobe Amplitude 


Grating lobe amplitude depends on pitch size, number of elements, frequency, 
and bandwidth (see Figure 3-45 and Figure 3-46). 
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Figure 3-45 Grating lobe dependence on: (a) frequency; (b) pitch size, and number of 
elements (constant aperture of 72 mm). 


BW= 20% BW= 70% 


Figure 3-46 Influence of damping (BW,,)) on grating lobes for a 1 MHz probe focusing at 
Z = 60 mm (simulation using PASS). Left: bandwidth 20 %; right: bandwidth 70 %. 


Grating lobes may be reduced though: 


e Decreased frequency 
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¢ Reduced pitch size 

e Increased active aperture size (number of active elements)—see Figure 
3-47 

e Increased bandwidth, which spreads out the grating lobes 

¢ Reduced sweeping range (addition of a wedge) 

e¢ Subdicing (cutting elements into smaller elements) 


¢ Randomized element spacing (using irregular element positioning to 
break up the grating lobes) 


Typically, probe design optimization may indicate small element sizes such as 
a large phased array system. Thus, there can be a trade-off between system 
optimization and cost. 


Figure 3-47 Example of grating-lobes dependence of number of active elements. Note also 
the increase of the focusing effect (image sharpness of SDH) with the number of elements. 
Left: 8 elements; middle: 16 elements; right: 32 elements. 


3.5 Probe on a Wedge 


Linear phased array probes are mostly used in combination with a wedge. 
The probe-wedge features are detailed in section 3.5.1, “Wedge Delay,” to 
section 3.5.3, “Index-Point Migration.” 


3.5.1 Wedge Delay 


Wedge delay (D,,) [Us] is the time of flight for specific angles in the wedge (full 
path). The computation is detailed in Figure 3-48. 


1. Find the ray angle for a specific refracted angle from Snell's law: 


oy et Vwedge Sin B; 
Ol; = sin 
Viest piece 
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2. Find the height of the middle of the phased array probe (virtual emitting 
point): 


Ey, = (1, +L) ¢ sino = [H, + p/2¢(n—-1)]e¢ sino 


3. Find the ultrasonic path (P) in the wedge: 


Ey 


cos Ol; 


P = 


wedge 


4, Find the wedge delay D,: 


Wedge 


Figure 3-48 Wedge elements for computation of wedge delay and index. 


3.5.2 Index-Point Length 


Index-point length (I,) [mm] represents the length from the back (or front) of 
the wedge to the exit point of a specific angle (see Figure 3-48). 


I, = (1, +1L5)¢ cosm+ HH, ¢ tanm@+ Pe sing; (3.15) 
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where: 


wo = wedge angle 
Hj = height in the middle of the first element 
Ay = wedge height (back) 


Pwedge = ultrasound path in wedge (half path) 


O,; = incident angle of ultrasonic ray in the wedge 

Br = refracted angle in test piece 

En = height of middle of phased array probe (for virtual emitting 
point) 

p = element pitch 

Ly = distance from the middle of the first element to the emitting 
point 

Ly = distance from the emitting point to the intersection with 
horizontal line (wedge contact surface) 

I = index point length 


Vest piece = ultrasonic velocity in test piece 


Vwedge = ultrasonic velocity in wedge 


3.5.3 Index-Point Migration 


Index-point migration (Al;) [mm] is the index point change with respect to 
angle of beam in the wedge (see Figure 3-49). 


Bice ht CRATAMOO OM (GH) Oc Ou?? 0 mem EKKO ee 
fod 


Refracted angle [degrees] 


Figure 3-49 OmniScan display for index-point migration (Al; = 3 mm) between 30° and 70° 


shear waves for detecting an inclined crack in a thin part (left); sample plot of migration of the 
index point with refraction angle for a linear phased array probe with p = 1.0 mm (right). 


TomoView™ software compensates for this migration. 
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3.6 Beam Deflection on the Wedge 


This section describes the various types of beam deflection that are possible 
when using phased arrays. This subject is unique to phased arrays, due to the 
beam steering capability. 


3.6.1 Azimuthal Deflection 


Azimuthal (or sectorial) deflection is defined as beam sweeping along the wedge 
length [see Figure 3-50 (dimension A)] in the xz plane, or active aperture (the 
passive aperture is parallel with the wedge width). Azimuthal or sectorial 
scans are typically called “S-scans,” and are frequently used for evaluation of 
defect height (static) and length (probe movement over defect-dynamic) for 
weld inspections. This arrangement is the most commonly used in service. 


3.6.2 Lateral Deflection 


Lateral deflection is defined as beam sweeping along the wedge width [see 
Figure 3-51 (dimension B)] in the active yz plane (the passive aperture is 
parallel with the wedge length). The deflection is performed at a constant 
wedge refracted angle. This setup is most used for length and height 
measurement of small defects or for confirmation and defect evaluation. 
Lateral deflection is more common in niche applications in aerospace than in, 
for instance, general weld inspections (for example, petrochemical and 
manufacturing). 


3.6.3 Skew Deflection 


Skew deflection is defined as beam sweeping with the active aperture parallel 
with the wedge width and tilted (see Figure 3-52). This could also be 
described as an azimuthal deflection with an out-of-plane tilt. It is most used 
when the defect is located in difficult-to-reach areas, has a different 
orientation, or has dimensions smaller than the ultrasonic beam. Generally, 
the defect dimension measurements require a 3-D visualization of the probe 
beam-test piece. An S-scan displays the projected length. This is not a 
common use of linear phased array probes. 
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Figure 3-50 Example of azimuthal (sectorial) deflection. 


Figure 3-51 Example of lateral deflection. 


Figure 3-52 Example of skew deflection. 
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3.6.4 Active-Axis Offset 


Active-axis offset is defined as the offset of the middle of the first element along 
the active axis (transducer array axis), relative to the reference point (see 
Figure 3-53 for OmniScan® and Figure 3-54 for TomoView'"). 


3.6.5 Passive-Axis Offset 


Passive-axis offset is defined as the offset of the middle of the first element 
along the passive axis (the axis that is perpendicular to the transducer array 


axis), relative to the reference point (see Figure 3-53 for OmniScan and Figure 
3-54 for TomoView). 


I offset X I offset X 
ee 


° 
fo} a 
o 
a < 
e 
as —s 
Orientation = Y+ Orientation = Y+ 
I offset X | offset X 
a (i 
t 9 
ee 2 
offset Y o 
= 
Orientation = Y- Orientation = X- 


Figure 3-53 Active (Y) and passive (X) offset definition for OmniScan. Left: lateral scanning; 
right: azimuthal (sectorial). 
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Scan axis Scan axis 


Index axis 
Index axis 


Skew = 90° 
+Y¥ 


Skew =0° Index point 


7. Index point 


Scan axis Scan axis 


Index axis 
Index axis 


Index point 


< 


Skew = 270° 


=X : 
Index point Skew = 180° 


Figure 3-54 Active (Y) and passive (X) offset definition for TomoView™ acquisition software 
based on scanning and index axis orientation. 


3.6.6 Probe and Wedge on Curved Parts 


The wedge in contact with the curved part (pipe, forging) must be rounded to 
the part curvature if the wedge dimension (A for azimuthal, B for lateral) is 
greater than: 


0.5 
A (B) > 0.5 DoS, 


where Dart is the part diameter. 


Alternatively, if the gap at the edge (convex surface) or in the middle (concave 
scanning) is greater than 0.5mm (see Figure 3-55), the wedge must be 
rounded to the part. 
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Figure 3-55 Maximum gap allowed for a flat wedge on a curved part. 


The most frequent combinations for scanning with a rounded wedge are 
presented in Figure 3-56: 


Figure 3-56 Probe position on curved parts for axial- and transverse-defect detection. 


A correct calibration is performed on special blocks (semicylinders with 
wedge curvature—see Figure 3-57). Other curved calibration block designs 
are possible. 
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~. @ 


Figure 3-57 Directivity (refracted angle) and index point measurement with a curved wedge 
adapted to the specimen: (a) concave-transverse; (b) convex-transverse (c) concave- 
longitudinal; (d) convex-longitudinal. 


The focal-law calculator must also take into account the difference in height of 
the first element for both A and B dimensions (see Figure 3-58 and Figure 
3-59). 


Figure 3-58 Height dependence on specimen curvature. Height increases for convex-shaped 
wedge (ID inspection—left) and decreases for concave wedge (OD inspection—right). 
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Figure 3-59 3-D illustration of height dependence on wedge shape contoured along the 
passive aperture. 


3.7. 2-D Matrix Phased Array Probes 


Two-dimensional phased array probes are used to inspect in pitch-catch 
and/or in pulse-echo mode. The main advantages of 2-D matrix probes are: 


¢ Potential for deflecting the beam in 3-D space 
¢ Potential for focusing in spherical, elliptical, or linear patterns 


¢ Potential for focusing at different depths and skew angles using the same 
wedge 


¢ Two-plane steering capability available for simultaneous variation of both 
the refracted angle and skew angle of the ultrasonic beam 


The main elements of the 2-D matrix probe are listed in Figure 3-60. 


+ Frequency (f), wavelength (A) 

* number of elements, primary axis (n,) 

+ number of elements, secondary axis (n,) 
* Total number of elements, (n =n, xn.) 

+ Primary aperture (A) 

+ Secondary aperture (A) 

+ Primary pitch (p,) 

+ Secondary pitch (p,) 


+ Primary steering capability: 
sin 8, =0.5A/p, 

+ Secondary steering capability: 
sin 0, =0.5A/p, 


Figure 3-60 2-D matrix phased array probe and its main features. 
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An example of delay values for a 2-D matrix phased array probe of 
32 elements (4 x 8) for a skew of 15° and a refracted angle of 45° LW in steel, 
F=50 mm, is presented in Figure 3-61. 


Time delay [ns] 


Element number 
Figure 3-61 Delay values for a 2-D matrix phased array probe of 8 x 4 elements in pulse-echo 


configuration. 


An example of a pitch-catch configuration for a 2-D matrix probe is presented 
in Figure 3-62. 


Figure 3-62 Examples of pitch-catch configuration using a 2-D matrix probe on a wedge with a 
roof: 4 x 2 array (left two images) and 6 x 4 array (right). 
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The elements of a 2-D probe could be grouped in a different order (see Figure 


3-17). An example of a beam profile for a dual L-wave TRL PA probe* to 
inspect dissimilar welds is presented in Figure 3-63. 


EEE 


<> 
Oe 


Figure 3-63 Example of beam simulation for a 2-D TRL PA probe focusing at F=5 mm for 
45° L-waves in stainless-steel casting (bottom). Visualization of focal point for a 2-D matrix 
probe (top-left); group of active elements (top-right). 


3.8 Focal Law Calculator 


The focal law calculator*°*! is the vital phased array tool that calculates the 
specific delays for all active elements in a customized calculation, which 
includes beam deflection, probe features, wedge characteristics, and test piece 
properties. Based on these calculated values, the hardware will enable the 
firing sequence. 


Figure 3-64 represents the focal law programming for an annular array probe 
in water with a delay (interface) of 20 mm and focused on a steel plate at a 
range of 10 mm to 100 mm. 
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Figure 3-64 Example of focal law calculator for 1-D annular array probe. 


The actual delay display and beam profile from z=15mm to 50mm is 
presented in Figure 3-65. 


——____—__— > ' 
F=40mm H 


Figure 3-65 Delay values provided by the calculator for each element (ring number 7 is 
highlighted in blue) [top]; beam profile of annular array probe from 15 mm to 50 mm in steel 
(F = 40 mm; beam diameter = 1 mm) [bottom]. 


An example of the focal laws calculated for a 2-D matrix probe on a 28° 
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Rexolite® wedge with a 10° roof angle is presented in Figure 3-66. 
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Figure 3-66 Example of focal law computation for a 2-D matrix probe of 16 x 4 elements. 


The ray-tracing visualization for the example above is presented in Figure 
3-67. 


Figure 3-67 Ray-tracing visualization provided by the focal law calculator for the 2-D matrix 
probe inspection scenario presented in Figure 3-66. 
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Another example of focal law computation for a linear array probe on a pipe 
is presented in Figure 3-68. Ray-tracing visualization of ultrasound in the 
component, metallographic image of crack, delay values for 30° and 60°, and 
crack detection and sizing with OmniScan® at two different angles is 
presented in Figure 3-69. 


1-D Linear array | 1-D Circular array | 1-D Annular array | 2D Matix aray | Foca Laws Display Info | Elements inf | 


Scan— 


Type 4zimuthal bd 


Beam angles selection 


+ Start - - Stop - - Resolution - 


Primary steering 
angle (deg) 


P| 
c et skew angle pe Ss 


Focal points selection 


Focusing type True depth >| T Db- 


- Offset - - Depth - 


al ‘xd 
Sars 


Focal plane position (rm) 


Start - Stop - Resolttion - 
Emission focus Br =| ey fod 
Fosition (mm) fs 000 Fe =| 
Reception focus | pm 
fosition (mm) ra] | 
Elements se ection —— 

Start - - Stop - - Resolution - 
Pulser fi =] = 4j 
Receiver 1 = 
Primary axis aperture 16 = 
Pulser connection 1 aj 
Receiver ccnnection | 
Fardware selection 
Type | OrniScan Me 


Probe ——<—<————— 


7L16E1=_8 REX 33 skew 0 26) 55) x 


Probe skew angle (deg) 0.0 
Probe frequency (MHz) [7 00 


Number cf elements on primary axis: 


aaa 


Primary axis pitch (1mm) 
Secondary axis width (mm) 
I Pitch and Patrh 


Probe separation [rm] 


Lt ok 


Squint angle (deg) 


T” Reverse primary axis 


Specimer 
PipeOD_SW_125_R275 26) 58) * 


Specimen type Pipe OD 


Wave type Transverse 
Sound velocity (m/s) 


Thickness (mm) 


Radius (mm) 273,000 f= | 
Wedge 

REXOLI"E 33 degrees 26 58 x| 
Footprint Curvature alone primary axs hd 
Wedge angle (deg) 330 

Roof ange [deg) 


Sound velocity (m/s) 
Height at the middle 2f the first element (mm) 
Primary axis offset of the middle of the first element (min) 


Secondary axis offset of the middle of the frst element (mm) |5.000 — 


Primary axis position of wedge reference (nm) 


3 
S 
8 
Lek 


Secondary axis positon of wedge reference (mm) 
Distance between contact poinls (wedge lenath) [mml 20000 = 


Wedge width (mm) 


Courtesy of Ontario Power Generation Inc., Canada 


Figure 3-68 Example of focal law computation for a linear phased array probe of 7 MHz, 
16-elements with a pitch of 0.8 mm on a pipe, OD x t= 550 mm x 25 mm. Note that the pitch 
size is greater than lambda (p = 0.8 mm > A = 0.46 mm). 
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Figure 3-69 Delay values and ray-tracing visualization for inspection scenario from Figure 
3-68 (top). Examples of crack sizing with this probe (bottom-right). 


Figure 3-70 shows another visualization tool, ray tracing, which is used to 
show coverage for the inspection of a weld with a counterbore. 


Figure 3-70 Simulation of pipe weld inspection using ray tracing and S-scans. 
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3.9 Standard Array Probes 


An overview of phased array probes is presented in Table 3-4. 


Table 3-4 Probe classification overview. 


B 


Cylindrical Most frequently used 


For tubes and 
Plan circular A,L,D Cylindrical, elliptical | cylindrical parts; 
mirror reflection 


forging inspection 
inspection 


Special aeronautic 
Rho-theta A,D Spherical, elliptical applications; 

complex design, 

complex setup 


4 A = azimuthal, L = linear; D = depth 


3.10 Other Array Features 


Other phased array probe features*2 include sensitivity, electrical impedance, 
and cross-talk amplitude. 


3.10.1 Sensitivity 


Sensitivity (S.): the ratio between the output and input voltages for a specific 
setup. 


V 
S_ = 2log;o( <2) [4B] 


in 


108 Chapter 3 


3.10.2 Impedance 


Impedance (Z;,): the impedance measured at the center frequency (resonant 
value). Impedance may be evaluated by the KLM model. 


3.10.3 Cross Talk 


Cross talk between elements: the dB value of the signal between two elements, 
which may be adjacent or spaced apart. The acceptable value of cross talk is 
around -30 dB to —40 dB. 


3.10.4 Signal-to-Noise Ratio (SNR) 


Signal-to-noise ratio (SNR) can be given by the formula: 


A 
SNR = 20108 19( =") 


noise 


The measurement method is illustrated by Figure 3-71. 


SNR = 20 log (25.5 / 5.1) 


SNR =14dB 


Figure 3-71 Example of signal-to-noise (SNR) evaluation of last significant-tip branched crack 
versus the stochastic noise (electronic + coupling + structure). An acceptable value is 
SNR > 3:1 (10 dB). In this example, SNR = 25.5:5.1 = 14 dB. 


3.10.5 Time-Frequency Response Features 


The radio frequency (RF) signal from a specific reflector is used to measure the 
following time-response features: 


¢ Peak-to-peak amplitude (V,_,): the maximum deviation (in volts or %) 


between the largest positive and the largest negative cycle amplitudes of 
the RF signal. 
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e Pulse duration, or waveform length (At_29 gp): represents the waveform 
duration taken at a -20 dB drop from positive and negative maximum 
amplitudes. 


¢ Peak number (PN): the number of peaks from the RF signal which cross 
the —-20 dB negative and positive drop. 


¢ Cycle number (CN): the number of peaks divided by two (or the number 
of wavelengths). 


¢ Damping factor (da): the ratio between the maximum amplitude and the 
next highest positive amplitude. 


The RF signal is converted into a frequency-response through a Fast Fourier 
Transform (FFT), which is characterized by the following features: 


e Peak frequency (fpeak): the maximum occurring frequency value of the 
FFT. 
e Lower frequency (fL_¢ ap) OF [fmin—6 ap]: the frequency value on the left 


portion of the peak frequency, determined by the -6 dB-drop horizontal 
line. 


¢ Upper frequency (fty_¢ ap) OF [fmax 6 dp: the frequency value on the right 


portion of the peak frequency, determined by the -6 dB-drop horizontal 
line. 


* Center frequency (f.): the frequency evaluated by the arithmetic#?~ or 
geometric mean*® of the lower (min) and upper (max) frequencies. 
¢ Bandwidth (relative) [BW,.)]: the frequency range within given limits. 


The formula for center frequency and bandwidth evaluation are given below: 

* f.=(fu «apt fi ap) / 2 —in the following standards ASTM, ASME, JIS, 
ISO 

° f.=(fu 6 ap * ft, 6 dp)? —in EN 12668-2 (Europe) 

¢ = BWye = (fu «6 dB ~ fL-6 ap) / f- —in percent 

© —BWaps = (fu + aB - fL-6 ap) —in MHz 


Time-frequency response examples for OmniScan® and TomoView™ are 


presented in Figure 3-72 and Figure 3-73. 
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A-Scan Gri ChAZ A000 Sk090 L001 Sc0248.50 mm In0000.00 mm 


Figure 3-72 Example of time-frequency response OmniScan® display for a linear phased 
array probe of 8 MHz at 45° shear waves on a R25 mm steel block. 


* 
& 
§ 


Figure 3-73 Example of time-frequency response in TomoView™ for a phased array probe of 
10 MHz at 45° shear waves on an R50 mm steel block. 
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3.11 Phased Array Simulation Software (PASS) 


PASS (Phased Array Simulation Software) is a software program that was 
developed by the Laboratory of Acoustics at the University of Paris.” It is 
used to visualize the probe design, generate focal laws and beam features, 
and solve complex probe setups and/or inspection scenarios. The ultrasonic 


field results (.mnp files) can be analyzed using R/D Tech® TomoView™ 
software. 


An example of focal point visualization for an annular probe beam simulation 
is presented in Figure 3-74. 
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Figure 3-74 Example of PASS simulation for an annular array probe made out of 8 rings— 
Fresnel zones—that focus from 10 mm to 100 mm (left); delay values for two focal 
depths (right). 


3.12 Probe Design 


For each specific task, probe design should take into account the following 
principles:*6 


¢ Compact design, high-quality case, good shock absorbance, good 
protection from the elements 


¢ Capability of steering the beam through the appropriate sweep range 
generating no grating lobes with longitudinal waves using direct contact 
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¢ Possibility of steering the beam from 0° to 70° for linear arrays in 
longitudinal wave mode and from 28° to 85° in shear-waves mode with 
the probe on a wedge, or through the appropriate sweep range 


e High bandwidth (BW > 75 %), that is, pulse duration as short as possible 
(see Figure 3-75 as a guideline for a 1.5 A probe) 


¢ Possibility of using mode-converted and tandem techniques 


e¢ Small sensitivity variation (less than +2 dB in manufacturing conditions) 
between probe elements 


e Small variation of reference gain (less than +3 dB) between different 
probes from the same family 


e Watertight case and cable 
¢ Radiation-resistant (10° R/h) for nuclear applications 
e Easy to label and identify 


e Flexibility for using the phased array probe on multiple projects, and not 
only in shear-wave or longitudinal-wave modes 


[ys] 


Pulse duration 


Center frequency [ MHz ] 


Figure 3-75 Recommended value for pulse duration of 1.5 probe. 


3.12.1 Physics Guidelines 


This section presents some considerations and a possible line of reasoning 
when designing a probe. It is not intended as a universal recipe for probe 
design. 
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15. 


16. 


If the test piece is isotropic, check if 


Vv 


f test piece 
max 

6D grain 
where Dog,ain is the grain diameter average size. 


This will avoid excessive attenuation and structure noise due to a higher 
frequency. 


Determine the maximum sweep range: include a wedge with a refracted 
angle in the middle of the sweep range (the “natural angle”). This 
determines the maximum pitch size. 


Calculate the angle for grating lobes and avoid grating lobes by setting 
p<A/2. 

Check if unavoidable grating lobes can generate spurious indications. 
Check if the pitch exceeds the value of the wavelength when it is used 
with a wedge, a high frequency (f>6MHz), and a high bandwidth 
(BW,.1 > 85 %). 


Find out the optimal focal depth for the maximum refracted angle 
(minimum effective aperture); this determines the real aperture of the 
probe. 

Find out the near-field length. 

Check if Finax < No. 


Find out the minimum and maximum focal depths; this determines the 
Passive aperture size. 


. Check if A > Wrassive ANd Wpassive > 10p . 


. Find out the number of elements: 


. Specify the BW and AT_»9 gp values, the cable length, the cross-talk value, 


or specific elements for the probe as a single entity. 


. Evaluate other factors from the KLM model: cable-length influence, 


electrical impedance, and sensitivity. 


. Evaluate the gain losses from the contact surface (see Figure 3-76) and 


inner surface roughness (see Figure 3-77). 


Evaluate the gain loss due to attenuation in the wedge and in the test 
piece. 


Evaluate the useful gain in reserve and the SNR for your reflector (under 
the worst case scenario). 
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17. Draw the detectability curves for the extreme S-scan angles. 


18. If the SNR is less than 10 dB, consider one of the following options: 
increasing or decreasing the frequency, increasing the aperture size, or 


prefocusing the probe. 


19. Perform steps 1 through 16 once again. If the SNR is greater than 10 dB, 
then find the beam dimensions. 


20. Evaluate the axial and lateral resolutions. 


21. Runa simulation to confirm the results. 


Note: Optimization of probe design may be affected by geometric 


constraints and environmental conditions (radiation, underwater, 
pressure, temperature, moisture). 
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Figure 3-76 Sensitivity drop due to contact surface roughness. Couplant: glycerin; reference 
reflector: SDH with a 2 mm diameter. ASME V roughness requirement is 250 jin. (milli- 


inches). 
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Figure 3-77 Noise increase due to inner surface roughness. Couplant: glycerin. Reference 


reflector: EDM notch of 12 mm x 1.5 mm. 


3.12.2 Practical Guidelines 


Besides the above design based on physics, the phased array probe design 
should include the following functional features: 


Case dimensions 

Cable orientation (top, side, back, front) 

Engraving of the position of specific elements (first element, middle, last) 
Engraving of the probe ID, serial number (see Figure 3-78) 

Connector type and wiring matrix 

Wedge ID, height of the first element, wedge refracted (and roof) angle 
Working temperature range 

Acoustic impedance matching (material, velocity, density) 


Tolerances on main features (center frequency, BW, impedance, 
sensitivity, cross talk) for all elements and for probe as a part 


Check frequency of individual elements 
Experimental setup and QA standards and procedures 


Designing a phased array probe is more complicated than it may seem; expert 
advice is recommended for any unusual applications. 
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3.12.3 Probe Identification 


The minimum features for probe identification (ID) [see Figure 3-78] are: 


e Frequency 

e Probe type (linear, annular, matrix, rho-theta) 
¢ Number of elements 

e Active aperture size 

e Passive aperture size 

e Pitch size 


e ~=Serial number 


Other features to be labeled (optional): 


e First element height 

e Wedge angle 

e Wedge velocity (material) 
¢ Roof angle (if any) 


Cable 


Stainless steel 
case Damping 


5L16E16-10R material 


s.n. #3282 


Piezocomposite; 
u2 


<— Matching layer; 
NA 


Figure 3-78 Example of phased array probe identification. 


3.13 Probe Characterization and Tolerances 


In order to assure the repeatability of phased array technology and to allow 
equipment substitution (probe replacement with a spare), a linear phased 
array probe must be checked and certified for its main features. 
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3.13.1 Probe Characterization 


Probe characterization is a QA evaluation of specific features in a phased array 
probe in order to establish the probe’s actual value or values for the inspection 
sequence/procedure qualification. 


Features to be checked: 


e  Refracted angle/directivity [°] 

e Index [mm] 

e Wedge/probe delay [s] 

e SNR [dB] 

¢ Focal depth [mm] 

¢ Focal length (depth-of-field) [mm] 

e Beam divergence (dimensions) [°] 

e Dead zone [mm] 

e Far-field resolution [mm] 

e Lateral resolution [mm] 

e =6Axial resolution [mm] 

e Center frequency [MHz] 

e Pulse duration [us] 

e Bandwidth [%] 

e Side lobes location / amplitude [°/dB] 

¢ Grating lobes location / amplitude [°/dB] 
e Actual velocity in test piece [mm/ps, m/s] 
¢ Cross-talk amplitude between elements [dB] 
e Number of dead elements 


e Electric wiring (connectivity between pulser number and element 
number) 


e Probe mechanical aspects (cable housing, probe wear, acoustic block 
misalignment, face damage) 


e Electric connection, pin matrix status 
e Element reproducibility (sensitivity variation) 
e Electric impedance [Q] 


The evaluation method and the tolerance/acceptance values may vary based 
on the specific application. 
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3.13.2 Tolerances 


Table 3-5 lists the tolerances that are generally acceptable by most standards 
and practitioners. 


Table 3-5 Practical tolerances on phased array probe features. 


Refracted angle +2° Could be larger (43° to +5°) for 
B, > 65°. 


Focal depth +30 % Depends on measurement 
method. 


Element sensitivity +2 dB Edge elements may have larger 
value. 
Cross-talk amplitude <—40 dB; Depends on element position and 
+10 dB refracted angle. 


The variation of sensitivity based on these tolerances is approximately +5 dB. 


Note: Remember that phased array inspection technology is based on 
imaging, identifying patterns, tip-echo diffraction techniques, redundancy in 
refracted angles and/or combinations between shear waves and longitudinal 
waves, or a combination between pulse-echo, pitch-catch, and TOFD 
techniques. Once the phased array probe and system are calibrated for a 
specific task (reflector type, ultrasonic path range, amplitude threshold, SNR 
level, reporting level, sizing method), the reproducibility of results must be 
evaluated versus the defect parameters, not against the reference gain from 
probe to probe or from inspection to inspection. Random and systematic 
factors may influence the reference gain value by more than +6 dB. 
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Tighter tolerances on probe main features may drive the probe price too high 
without a significant improvement in defect detection and sizing capability. 


Specific aspects of periodic checking, evaluation methods on reference blocks 
are detailed in chapter 4, “Instrument Features, Calibration, and Testing 
Methods.” 


3.14 Industrial Phased Array Probes 


The application of phased array ultrasonic technology to solve difficult 
industrial inspection requirements started, on a large scale, in 1994. Since 
then, the phased array probes were diversified as type, dimensions, and 
frequency. Some companies, such as Ontario Power Generation (OPG), 
applied PAUT (phased array ultrasonic testing) to large-scale inspections of 
turbine components. In this application, tens of linear arrays were used on 
different locations to detect small defects in the blade root and rotor steeple 
groove. In many cases, probes from the same family must be replaced and/or 
used simultaneously with different instruments. Probe performance must be 
repeatable and documented. 


Similar to conventional probe features, the PA probe features must be 
standardized. The difficulty of standardization resides in the following 
aspects: 


e Lack of uniformity in design requirements 
e Lack of data for realistic acceptance values 


e Diversity of phased array probes (size, frequency, wedge, immersion) — 
all of the same type 


e Diversity of phased array probes—different types (1-D planar, annular, 
2-D matrix, 1.5-D planar, segmented annular, custom build Fermat 
surface) 

e Diversity of specific nuclear applications (piping, pressure vessels 
nozzles, CDRM welds, dissimilar welds, turbine components, waste 
containers 

e Lack of information sharing between manufacturers, end users, research 
institutions, regulators/insurers 

e Lack of standardization of testing methods 


e Lack of merging good practice from conventional probe standardization 
with medical field experience and specific NDT applications 


Proposals for probe standardization can be found in reference 39. 
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The next sections present the industrial phased array probes manufactured 
by Olympus NDT, and specific features of miniature and subminiature 
probes manufactured by Imasonic-France and used by OPG for turbine and 
weld inspections. 


3.14.1 Olympus NDT Probes 


Olympus NDT designs, manufactures, characterizes, and commissions a 
large variety of probes (type, shape, size, frequency, number of elements, pre- 
focusing in Fermat surface, or prototypes) for commercial use (see Figure 
3-79) 48-49 


> aa «a 


linear 1.5 d array 2-d array 
convex concave annular internal focus 
skewing variable angle dual linear dual 1.5-d 


Figure 3-79 Examples of different types of phased array probes provided by Olympus NDT. 


The electric connectivity between the individual crystals and the cable wiring 
is made by using advanced electronics and micro machining.*? An example of 
a probe-electrical connector interface is presented in Figure 3-80. 
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Figure 3-80 Example of flexible printed circuits (left) and circuit soldered to the 
piezocomposite ceramic (right) used by Olympus NDT in the manufacturing process of the 
phased array probe. 


Beginning in January 2004, R/DTech developed, standardized, and 
commercialized probes and wedges to be used with the OmniScan® battery- 


operated portable phased array instrument.°? This type of connection was 
standardized for other instruments. 


The phased array probes are delivered with the OmniScan / TomoScan 
FOCUS LT™ connector (see Figure 3-81). Other types of adapters, such as 
OmniScan connector to Hypertronics™, are also available (see Figure 3-82). 


Figure 3-81 OmniScan / TomoScan FOCUS LT connector for standardized probes. 
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The advantages of the OmniScan® connector are: 


e Probe recognition (the main probe characteristics are electronically sent 
to the OmniScan phased array instrument for faster and error-free setups) 


¢ No bending or breaking of pins 
e Splashproof casing 

e Improved shielding 

¢ Compact design 

¢ Improved signal-to-noise ratio 


Figure 3-82 OmniScan connector to Hypertronics adapter. 


The 1-D plan linear array probes are manufactured in multiple options: soft- 
face mounted on the wedge, with an encapsulated wedge, direct-contact 
hard-face, immersion, and water-wedge. Their frequency is 2.25 MHz, 
5 MHz, or 10 MHz. The number of elements is 16, 32, 64, or 128. This variety 
is expected to increase with market demand. 


The Olympus NDT R/D Tech® phased array probe numbering system is 
presented in Figure 3-83.°0>1 
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Numbering System Used to Order Phased-Array Probes 


2116-455W1-2.5-OM 


Frequency l Connector type 
Array type | Cable length 
Number of elements Casing type 
—= 7 _ 7 Probe type 

Wave type 


Refracted angle in steel 
Glossary Used to Order Phased-Array Probes 


Figure 3-83 Example of phased array probe numbering system and its explanation. 


R/D Tech wedges have a different numbering system (see Figure 3-84). 


Numbering System Used to Order Wedges 


_ SAT-N45S 


Probe mounting Refracted angle in steel 
Glossary Used to Order Wedges 


Numbering System Used to Order Water Boxes 


WBI3-25-E 


Water box type Encoder 
Water column height 


Glossary Used to Order Water Boxes 


Figure 3-84 Example of wedge identification used with R/D Tech probes. 


124 Chapter 3 


Advantages 


Available standard refracted angles of 0°, 45°, and 60° in steel for angle- 
beam inspection from 30° to 70°, SW or LW 


New damping material for eliminating parasitic echoes 


Stainless-steel screw receptacles for firm anchoring of the wedge to the 
array 


Wedge options available for the improvement of the quality of the 
inspection, such as mounting holes for the wedge holder to work with 
any Olympus NDT scanner and carbide pins 


Wedge design for manual or automated scans 


Customized wedges for creating different refracted angles with all kinds 
of shapes 


Irrigation kit available 


Some types of probes and wedges are presented in Figure 3-85 and Figure 
3-86. 


we oN y- ghey 


Figure 3-85 Olympus NDT 1-D linear probes and type of wedges used for shear-wave and 


longitudinal-wave angle beam inspection. 


—om 


Figure 3-86 Different Olympus NDT 1-D linear array probes: (a) encapsulated wedge-angle 


beam; (b) immersion longitudinal wave (/eft) and water-coupling wedge (right). 
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The probes are delivered with a certificate according to ASTM E 1065 (see 
Figure 3-87 and the table in Figure 3-88). 
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Figure 3-87 Example of probe certification. 
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AVG SDEV MAX MIN RANGE 
Center Frequency (MHz): 5.209 0.027 5.245 §.135 0.111 
-6 dB Low Band Edge (MHz): 3.381 0.025 3.418 3.342 0.076 


-6 dB High Band Edge (MHz): 7.037 0.047 7.141 6.866 0.275 


-6 dB Bandwidth (MHz) 3.656 0.055 3.792 3.464 0.328 
-6 dB Percent Bandwidth: 70.191 0.976 72.291 67.459 4.832 
Vpp Sensitivity (dB): -41.837 0.315 -41.402 -43.167 1.765 
-20dB Ringdown (ns): 429.5 3:7 441.9 423.3 18.5 
Offset Start Delay (ns): 10.2 23.8 

Excluded Elements 0 


Figure 3-88 Example of standard form data for 5 MHz 16-element probe. 


Additional information regarding probe modeling, field features for specific 
probes can be found in references 51-106. 


3.14.2 Miniature and Subminiature Probes 


This section was made available courtesy of Ontario Power Generation Inc., Canada, 
and Imasonic, France. 


The design, manufacturing, and commissioning of miniature 1-D linear 
probes was required by the inspection scope on complex turbine parts with 
limited probe movement and by the linear defect location and dimensions. 
Problems related to foreign material extrusion (FME) led to use of the wedge 
inside the probe case. OPG decided to use miniature probes (active 
surface = 6 mm x 6mm and 5mm x5 mm), and subminiature probes (active 
area 4mm x 4mm and 3mm x 3mm) at high frequencies (5 MHz, 7 MHz, 
8 MHz, and 10 MHz). The number of elements was limited to 10 and 12. 


Table 3-6 and Figure 3-89 to Figure 3-92 present the main probe features. 
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Table 3-6 Miniature and subminiature probe characteristics. 


Case 
dimensions 
Lxwxh 
[mm] 


detection; external wedge 
x7x20  |Cable on top; integral wedge 
11x 7x12 |Cable on side; integral wedge 
por Rexolite® 28° 
Cable on top; soft face-used for 
sizing/confirmation 
Cable on top; hard face used for 
confirmation 
detection/sizing 
x 6x18 |Cable on side; hard face; used for 
moa 
x 17x25 |Cable on side, special design; 
ae a 
x5x20 |Cable on side; soft face; integral 
a ee 
special footprint 


Remarks 


Figure 3-89 Examples of miniature and subminiature probe used for turbine components 
inspections. 
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Figure 3-90 Example of miniature probe 67 drawing with integral wedge (left) and the probe 
position drawing on a rotor steeple end (right). 


The repeatability and reliability of the probes were assured by a high- 
standard manufacturing process and QA documents of the main probe 
features. An example of the technical data within the P56 family is presented 
in Table 3-7. 


Table 3-7 Main certified characteristics of probe 56-family—8 probes. 


Center Sensitivity 
frequency BW [%] PD [ns] variation 


[Average [a7 [0 | s7__i[ et 


The signal-to-noise ratio for 27-, 37-, and 56-probe families is presented in 
Figure 3-91 to Figure 3-93. 
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Signal-to-Noise Ratio P27 
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Figure 3-91 Signal-to-noise ratio for P27-family probe. Reflector: 1 mm SDH at depth 
z=10mm. 


Signal-to-Noise Ratio P37 


3% 3“ 40 45 50 56 60 65 70 
Refracted angle [ degrees] 


Figure 3-92 Signal-to-noise ratio for P37-family probe. Reflector: 1 mm SDH at depth 
z=15mm. 
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Signal-to-noise Ratio P56 


Refracted angle | cegrees } 


Figure 3-93 Signal-to-noise ratio for P56-family probe. Reflector: 1 mm SDH at depth 
z=20mm. 


The average SNR variation for all families is about +3 dB. A similar variation 
was established for sensitivity settings on EDM notch reflectors. 


The probes are capable of detecting small linear defects located in the 
mock-up (EDM crack-like EDM notch, length = 3 mm x depth = 1 mm) [see 
Figure 3-94]. 


P 37 - Top P 56 wing CVX 


Figure 3-94 Example of probe validation on the mock-ups (top) and top detection technique 
with probe P37 (principle) and OmniScan® results (bottom). 
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Higher frequency probes (P52, P63) are capable of sizing fatigue cracks as 
small as 0.9 mm (Figure 3-95). 


Figure 3-95 Example of crack-height sizing by probe 58+45T; crack height <1.0 mm (left) and 
PA results confirmation by magnetic particle inspection (right). 


In conclusion, the miniature and subminiature 1-D linear array probes 
manufactured by Imasonic for large scale inspection of turbine components 
performed reliably and repeatedly. More technical details can be found in 
reference 107 and 108. 
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4. Instrument Features, Calibration, and Testing 
Methods 


This chapter describes the features of Olympus NDT main phased array 
instruments, methods of calibration, and testing. Tolerances on equipment 
features are detailed and then explained. 


4.1 Instrument Performance 


This section will detail the main features of phased array instruments, and 
their functionality and relationship with other parameters. Detailed step-by- 
step procedures are found in software manuals!® and in chapter5, 
“Ultrasound Settings, Calibration, and Periodic Checking,” of R/D Tech 
Phased Array Technical Guidelines.? 


4.1.1 Instrument Main Features 


The generic ultrasonic features for a phased array instrument are presented in 
Table 4-1. 


Table 4-1 Main ultrasonic features of phased array instruments.@ 


Gain / channel Digitizing frequency 
Gain / focal law Pulse width 


Gain / booster Rectification Repetition rate (PRF) 
Ultrasonic start Band-pass filters 
Ultrasonic range Smoothing Acquisition rate 


4The features might be found under different tabs, depending on instrument and 
software version. 
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A high value of signal-to-noise ratio, higher acquisition speed, avoiding the 
ghost echoes and preserving the phased array probe life expectancy are 
achieved through the optimization of ultrasonic parameters. 


4.2  Pulser-Receiver 


This section describes some of the effects of the key features of the equipment, 
such as voltage, pulse width, filters, and smoothing. 


4.2.1 Voltage 


The maximum voltage applied on phased array elements depends on probe 
frequency (crystal thickness) and on element pitch (see Figure 4-1). 


voltage - phased array [VJ 


Maximum voltage - phased array [V] 


025 OS 0,75 23 15 175 


5 s 9 } 3 
Probe frequency [ MM | Pitch size [mm] 


Figure 4-1 Maximum voltage dependence on frequency (/eft) and on pitch (right). 


The low voltage has a double advantage: it increases probe life and produces 
less heat, so no extra cooling devices are needed. The low-voltage value can 
be compensated by increasing gain (hardware or soft palette) without a 
significant increase to the noise level (see Figure 4-2). Soft palette refers to 
capability of changing the color intensity on the display; soft gain refers to the 
capability of changing the image amplitude on the display. 


142 Chapter 4 
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Figure 4-2 Detection and sizing of a fatigue crack by a 3.5 MHz -1.0 mm-pitch linear array 


probe in different voltage combinations using the Tomoscan FOCUS™ instrument. The crack 
displays using soft gain (S = soft palette) and hard gain (H = hardware gain) are very similar. 


The relationship between voltage value and amplitude variation is presented 
in Figure 4-3. 


Amplitude variation [ dB ] 


Voltage on element[V] 


Figure 4-3 Experimental data for amplitude dependence on allowable voltage applied on 
element. 
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4.2.2 Pulse Width 


The pulser pulse-width value depends on probe frequency (see Figure 4-4). 


pulser 


PW, Ins) xf, [Miz] = $00 | 


Pulser pulse width (ns) 


Probe Center Frequency (MHz) 


Figure 4-4 Pulse-width adjustment as function of probe center frequency. The pulse width 
(negative square shape) should be set at 100 ns for a 5 MHz probe. 


4.2.3 Band-Pass Filters 


The value of the lower/upper band-pass filters is set based on probe center 
frequency and absolute bandwidth value (see Table 4-2). 


Table 4-2 Recommended values for band-pass filters based on probe frequency. 


Probe frequency Filter range Probe frequency Filter range 
[MHz] [MHz] [MHz] [MHz] 
TomoScan FOCUS™ I 


oa A 


15 6-21 Tomoscan III PA / 
a 
>4.5 High resolution 3.25-6 2-10 

(HR) 


FRF>10MAZ [61-10 
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Depending on the application type, the value for the pulse width and the 
band-pass filters can be altered. A better SNR and more accurate data analysis 
will compensate for the loss in sensitivity (gain loss) [see Figure 4-5]. 


Figure 4-5 Example of improving the crack sizing capability by high-frequency filters and pulse 
width adjustment. In this example, a 5 MHz linear array probe in shear-wave mode detected a 
crack of 10 mm height. Left: band-pass filters 2-10 MHz, pulse width = 100 ns; measured 
crack height = 8.8 mm. Right: band-pass filters 5-15 MHz, pulser width = 50 ns; measured 
crack height = 10.1 mm. 


4.2.4 Smoothing 


Smoothing is an electronic operation performed on the rectified signal. 
Smoothing has a double-advantage: it increases the image quality (see Figure 
4-6) and leads to a lower digitization frequency (smaller file size, faster 
acquisition rate) [see Figure 4-7]. 


Figure 4-6 Example of smoothing effect on crack detection and sizing image. Left: smoothing 
at 4 MHz. Right: no smoothing. 
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Figure 4-7 Example of smoothing process (left) and influence on digitization frequency (right). 


4.3 Digitizer 


This section describes the key parameters of the digitizer, including 
frequency, averaging, compression, PRF, acquisition rate, soft gain, and 
dynamic-depth focusing. 


4.3.1 Digitizing Frequency 
Digitizing frequency (MHz) is the reciprocal of the time interval required to 


sample an RF A-scan (see Figure 4-8). Digitizing frequency determines the 
number of samples for a specific inspection time-of-flight range. 


TOF [us] 1/digitizing frequency 


Figure 4-8 Example of digitizing frequency of an RF signal. Left: 16 samples; right: 8 samples 
for the same RF signal. 
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Digitizing frequency has a major influence on file size, acquisition rate, and 
the image quality. The amplitude error due to a low value of digitizing 
frequency is given by the formula (see Figure 4-9): 


E, = 200 logo | (05 - 2) ° 10°|| [dB] 


where: 


€q =amplitude error due to digitizing frequency value [dB] 
fp = probe frequency [MHz] 
f; = digitizing (sampling) frequency [MHz] 


Amplitude error [dB] 


n= Digitizing frequency / probe frequency 


Figure 4-9 Amplitude error dependence on digitizing / probe frequency ratio n. 


An example of digitizing frequency influence on A-scan and quality image of 
the S-scan for crack detection is presented in Figure 4-10. 


Figure 4-10 Example of digitizing frequency influence on A- and S-scan image quality for a 
4 MHz linear array probe in sizing a 6 mm fatigue crack. (a) 12.5 MHz; (b) 25 MHz; 
(c) 100 MHz. 
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Digitizing frequency must be at least four times the probe center frequency. If 
TOFD is applied with phased array probes, digitizing frequency must be ten 
times or higher than the probe center frequency. 


The digitizing frequency of the new-generation phased array instruments 
(OmniScan® and TomoScan FOCUS LT™) is fixed at 100 MHz. 


4.3.2 Averaging 


Averaging is the number of samples (A-scans) summed for each acquisition 
step on each A-scan displayed; averaging increases the SNR by reducing 
random noise: 


= 70.5 
SNR after averaging — 7 SNR pefore averaging 


The averaging function reduces the acquisition speed. 


4.3.3 | Compression 


Compression is the reduction in the number of sampled data points based on 
position and maximum amplitude (see Figure 4-11). Compression reduces the 
file size without compromising on defect detection and contributes to a 
higher acquisition rate. 
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Figure 4-11 Example of compression by a ratio of 4:1 for an A-scan. 
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4.3.4 Recurrence or Repetition Rate (PRF-Pulse-Repetition 
Frequency) 


The repetition rate (PRF, or pulse-repetition frequency) is the firing frequency of 
the ultrasonic signal. PRF depends on averaging, acquisition time, delay 
before acquisition, gate length, processing time, and the update rate of the 
parameters. In general, the PRF should be set as high as reasonable, ensuring 
that any ghost echoes are out of the acquisition range. 


PRF depends on ultrasonic path and averaging, according to the following 
formula: 


1 


PREF < eae 
(start + range) 


| X averaging 
where start and range are time-of-flight values (in seconds) of the ultrasonic 
inspection window. 


An example of PRF dependence on ultrasonic range and averaging is 
presented in Figure 4-12. 


Courtesy of Ontario Power Generation Inc., Canada 


Figure 4-12 Example of PRF and acquisition rate dependence on ultrasonic range and 
averaging. Left: normal S-scan-acquisition rate = 4/s (almost static); PRF = 700 Hz. Right: 
trimmed S-scan-acquisition rate = 20 / s; PRF = 2,000 Hz. Note the S-scan image quality 
improvement for defect evaluation due to an optimization of ultrasonic parameters (start and 
range) on the right display. 


4.3.5 Acquisition Rate 


Acquisition rate (Hz) represents the number of complete acquisition sequences 
that the inspection system can perform in one second. 


Maximum acquisition rate depends on many features: acquisition time of 
flight, averaging, digitizing frequency, recurrence, number of A-scans, 
transfer rate, and compression values (see Table 4-3, Figure 4-13, and Figure 
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4-14). Acquisition rate determines the maximum scanning speed without 
missing ultrasound data (see Figure 4-14). 


Table 4-3 Factors affecting the acquisition rate. 


The following relationships must be satisfied: 


ee Scanning speed 
e ~=Acquisition rate > 


Scan axis resolution 


PRF 


e ~§=6 Acquisition rate < ———_____ 
q Number of focal laws 


(if PRF is identical for all A-scans) 


Transfer rate 


Acquisition rate < ———_ 
n(sample + 3(c1) + 3(c2) + 3 (peak ayn) 


where: 


Transfer rate = bytes/s 

n = number of focal laws (A-scans) 

3(c1) = valid only if C-scan data in gate 1 is saved 
3(c2) = valid only if C-scan data in gate 2 is saved 


3 (peak A) = valid only if A-scan peak is saved 


m = number of points 


Figure 4-13 Dependence of acquisition rate on transfer rate, number of samples, and setup 
mode. 
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Figure 4-14 Example of the influence of scanning speed on acquisition rate. Left: scanning 
speed 25 mm/s (missing data). Right: 10 mm/s (all data collected). 


Setting the correct PRF is very important to avoid the ghost echoes, and to 
collect all relevant data. 


Ghost echoes are interference echoes due to a mismatching between the 
repetition rate (PRF) and acquisition window. A higher PRF value will lead to 
a firing sequence that is too short. A firing sequence consists of the following 
time-of-flight intervals (see Figure 4-15): 

e Delay (electronic + wedge/interface + test piece) 

e Acquisition (useful range) 

e Processing 

¢ Update 


The length of a firing sequence is the reciprocal of the PRF/channel. 
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Figure 4-15 Firing sequence components for digitizing frequency <50 MHz (TomoView™). 
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An example of PRF influence on ghost echoes is presented in Figure 4-16. 


Ghost echoes 


Figure 4-16 Example of ghost echoes (/eft) with increased noise - PRF = 2,000 Hz, and their 
elimination (right) - PRF = 500 Hz. Note the noise decrease due to a lower PRF. 


4.3.6 Soft Gain 


The use of soft gain (Olympus NDT’s TomoView'™ or Zetec’s UltraVision® 
software capability for adjusting gain in analysis and acquisition mode for 
specific hardware setup) has the following advantages: 


e Eliminates the need for another channel with increased gain. By using 
12-bit data the dynamic range is increased by 24 dB (compared to 8-bit). If 
the soft gain is increased, the low amplitude signal is properly displayed 
without distortion (see Figure 4-17). 

e Improves the image quality. 


e Allows data recording with low hardware gain. 


Figure 4-17 Example of 8-bit (left) and 12-bit (right) use of soft gain in crack sizing. Dynamic 
range is increased by 24 dB for 12-bit soft gain, without A-scan signal distortion. 
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4.3.7 Saturation 


Saturation is an electronic phenomenon inherent in the phased array 
technology. Within a single phased array probe, the different elements of a 
virtual aperture contribute differently to the final signal. Some elements can 
deliver a weak signal, while others transfer a very high amplitude signal 
above 100 %. When at least one element receives an amplitude signal higher 
than 100 %, the signal from that particular element is said to be saturated 
because the electronic circuit cannot deliver a signal amplitude greater than 
100 %. When this happens, the final signal derived from the sum of the 
different elements is also called saturated. 


Table 4-4 illustrates the influence of saturated signals on the final signal 
amplitude. 


Table 4-4 Saturated signals as a function of final signal amplitude. 


Hement _[Amplinde@| 60] 20 [180] 


7 
10 


Table 4-4 is an example of virtual aperture with 11 elements each having a 
different amplitude signal between 10% and 50% (second column). On 
column 3, 4, and 5, the gain is respectively increased by 6 dB, 12 dB, and 
18 dB. With 6 dB of gain, none of the element signals are saturated (all signals 
are below 100 %) and the amplitude of the summed gain is 51 %, which is 
twice the value of the raw signal—as expected. When adding 12 dB to the raw 
signal, elements 4 to 8 are saturated (bold, red) and the summed amplitude is 
79 % while it should be 100 %. When adding 18 dB to the raw signal, the 
amplitude of the sum should be 200 %. It is only 98 % in this example due to 
the saturation of elements 2 through 10. 


ra 


Sum amplitude 


It is, therefore, important for the phased array instrument to have the 


capability to reveal that one element is saturated. The OmniScan® phased 
array instrument does offer the capability to visualize the saturation directly 
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on the A-scan view (see Figure 4-18 and Figure 4-19). 


Figure 4-18 In the OmniScan phased array instrument, the gate blinks as soon as one 
element is saturated, advising the user that the signal amplification is no longer linear. 
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Figure 4-19 Influence of saturation on final amplitude signal for 11 elements (same as Figure 
4-18): At more than 8 dB of gain, some elements are saturated and the final amplitude no 
longer corresponds to the expected amplitude. 


Saturation can be avoided by using a lower amplifier gain or by reducing the 
number of elements per aperture. 


4.3.8 | Dynamic Depth Focusing (DDF) 


Dynamic depth focusing (DDF) is a programmable, real-time array response on 
reception by modifying the delay line, gain, and excitation of each element as 
a function of time (see Figure 4-20). DDF replaces multiple focal laws for the 
same focal range by the product of the emitted beam with separate “focused 
beams” at the receiving stage. In other words, DDF dynamically changes the 
focal distance as the signal returns to the phased array probe. DDF 
significantly increases the depth-of-field and SNR. 


The DDF beam divergence on acoustic axis [AX_¢4p (spH) - ™m] is the beam 
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width measured using the echo-dynamic amplitude from side-drilled hole 
(SDH) reflectors when the DDF board is enabled. A comparison of DDF with 
standard phased array probes is presented in Figure 4-21. Note the narrow 
beam of the DDF compared to standard phased array focusing. 


® Emission Reception Pulse-echo 
Delay ns) ah. lh. il al al am ah. 
PAprobe  NNHHHH HEREEGGE =BRGRGEE = BREEROEE =BRRRRREE §=6BRRRREE PTT | 


teers 
© 2). 


Acquisition time 


Figure 4-20 Dynamic depth focusing (DDF): (a) principle showing resultant beam from DDF 
(right); (b) comparison between standard phased array focusing (top); and DDF on the depth- 
of-field (bottom). Note the detection of two SDHs in the near-surface zone by DDF that are 
missed by standard phased array focusing. 


® © © 


Beam dimension at -6 dB (m) 
4 


Reflector depth (mm) 


Figure 4-21 Beam divergence: (a) principle; (b) longitudinal waves at 0°; (c) comparison 
between standard phased array focusing (SPAF) and DDF. 
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DDF Advantages 
DPF has the following advantages: 


e¢ The depth-of-field generated by an optimized DDF is improved by a 
factor of four in practical applications with respect to standard focusing. 


e The beam spot produced by DDF is always as small as the one produced 
by standard focusing, or smaller. 


e The use of DDF creates very small beam spreads. Half angles as small as 
0.30 and 0.14 degrees were obtained using linear- and annular-array 
probes. 


e DDF diminishes the beam spread without altering the dimensions of the 
beam obtained with the standard phased array. 


e The SNRppr is greater than the SNRspar. 


e File size is greatly reduced because only one A-scan is recorded at each 
mechanical position. 


e Effective PRF is increased because only one A-scan is needed to cover a 
long sound path instead of multiple pulses from individual transducers. 


All of these properties make the use of DDF suitable for applications such as 
boresonics, titanium billet, and blade root inspections (see chapter 7, 
“Advanced Industrial Applications”). More details about DDF performance 
can be found in reference 10. 


4.4 Instrument Calibration and Testing 


Instrument calibration and testing could be performed in the following 
stages: in the lab, using electronic traceable equipment (advanced); in the lab, 
without using electronic equipment; and on-site, using different blocks and 
electronic accessories. 


4.4.1 Electronic Calibration 


A phased array ultrasonic instrument consists of multiple boards, which 
contain 8 to 64 pulsers and 8 to 512 receivers. Equipment manufacturers 
qualify traceable procedures specific for phased array instruments.!!-!3 
However, international standards!4-26 refer to conventional ultrasonic 
instruments (one pulser-one receiver). Some recommendations made in 
reference 27 and the need for phased array equipment in nuclear, aeronautics, 
and petrochemical industries will lead to a guideline and standard for 
equipment calibration, testing, and substitution. 
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Examples of electronic calibration performed by Olympus NDT’s after-sales 
department are presented in Table 4-5 and Figure 4-22 to Figure 4-24. 


Table 4-5 Main features checked and calibrated with electronic instruments. 


Feature / Board 


Dynamic focusing 


Volume focusing 
TomoView noise 


Heat test DC output connector 


a 


Pulser pulse width [ns] 
Ww 


PW = (50 +5) ns; 
PW measured = (49.5 +1.7) ns 
1 


3 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 
Pulser number 


Figure 4-22 Example of pulser pulse-width testing and acceptable tolerances. 
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Receiver Vpp [V] 


123 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 
Receiver number 


Figure 4-23 Example of receiver sensitivity (Vp.,) checking and acceptable tolerances. 


Gain setting (dB) 
0 10 20 30 40 50 60 70 


Deviation (dB) 
lo} 


Figure 4-24 Example of instrument gain checking over the range 0 dB—-70 dB. Tolerances are 
set based on ASTM E 317-01.24 


Checking for OmniScan MX is performed according to specific standards. An 


example of checking features based on ASTM E1324-00 is presented in Table 
4-6. 
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Table 4-6 Instrument features to be electronically checked according to ASTM E1324-00. 


Pulser pulse rise time 
pulse length 


pulse frequency spectrum 


vertical linearity 


frequency response 


Receiver signal-to-noise ratio (> 3:1) 
Sensitivity (sensitivity index) 


dB controls 


horizontal linearity 
Time Base 
clock (pulse repetition rate). 


delay and width 
Gate/Alarm 


fanalogoutput output 


| backwall-echo gate echo | backwall-echo gate 


Specific technical features to be checked by the manufacturer, user 
(laboratory) at a twelve-month-maximum interval, or following a repair are 
detailed in European community standard EU 12668-1-2000 (see Table 4-7).29 
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Similar features are required by ISO 12710-97,18 DIN 25450-1990,!9 and 
Japanese Industrial Standard JIS Z 2351-1992.15 


Electronic checking, calibration, and certification require calibrated and 
traceable electronic instruments, such as multimeters, digital oscilloscopes, 
function generators, impedance analyzers, digital-counter timers, and 
spectrum analyzers. Some of the electronic tests must be performed in an 
environmental test chamber. 


Table 4-7 List of tests for ultrasonic instrument according to EN 12668-1:2000. 


Itrasonic instrument F 
Combined 


Feature Periodic / , 
Manufacturer i equipment? 
repair 


Transmitter pulse 
Pulse repetition rate 


Transmitter pulse frequency spectrum 
Transmitter voltage 


=] reel 
2|8| m 
a) s|o co 
| 3 ce & 
2/8/83 3 
El] z]o : 
Aa E 
g a! 
>) 5 fat 
=a 
3 
as} 
oO 
a. 
ped) 
5 
io) 
oO 


Receiver 


Crosstalk damping from transmitter to receiver during v 


transmission 
Dead time after transmitter pulse 


Receiver input impedance 


Distance amplitude correction 
Temporal resolution 
Amplifier frequency response 
Equivalent input noise 


ensitivity 


N 


[Accuracy of calibrated atenuator———SC~iSSC CT 
incarty of vertical display ——S—SC~i SST 
[Linearity oFequipment gain ———-+i| |__| _| 
[Linearity ftimebase SSCS Sd 
Response threshold CT dT Cd SY 
Switching hysteresis with fxed monitorthreshold [7 [+f +d 


Switching hysteresis with adjustable monitor v 
threshold 


Fok time of switched output | | (eel 


N NI 
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Table 4-7 List of tests for ultrasonic instrument according to EN 12668-1:2000. (Cont.) 


Ultrasonic instrument : 
Combined 
Feature Periodic / A 
Manufacturer ee 
ee 


Noise on |Noise on proportional gateoutput |Noise on proportional gateoutput output 


Influence of the measurement signal on the 
proportional signal position within ane gate output 


Effect of pulse shape on the proportional gate output ___¥ [|__| 

i 

maou tests for digital ultrasonic instruments 

Digitization samplingemor i] | 

a 
AEN 12668-3:200079 


4.4.2 Simplified Laboratory Testing 


Simplified checking without using electronic instruments?! can be 
performed based on daily, weekly, or as-required frequency checking by 
technicians in the lab before inspections. These checks are performed using 
specific reference blocks designed for a single pulser-receiver conventional 
instrument, particularly for normal incidence scanning. 


The following features may be tested and certified (see Table 4-8). 


Table 4-8 Main instrument features to be periodically checked according to ASTM E 317-01, 
EN 12668-3:2000, and JIS Z 2352-92. 


Sami SC~‘iSCC dT 
Signaltononeratio |_|» | 7 
[Accuracy of calibrated atemuator |___7 |_| 7 
[Linearity of vertical display [| | 7 


NINN 
NINN 
NINE 


th 
Hit 
Hit 


<x 
Xx 
<x 


Trinearity oftime base ‘|__| |__| 
[Near-surface resolution DW |__| 
fFarsurface resolution LW [| |__| 
[DeadzonetW Sd dd 
SenstivityDW sd dd 
Sensitivity shear waves [| 


5 fens Ms 
NNN INI 


The two reference blocks used for simple checking, without using advanced 
electronic setups, are presented in Figure 4-25. As an alternative for checking 
vertical linearity, the operator can use the block with flat-bottom holes (see 
Figure 4-26). 
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A 


Figure 4-25 Reference blocks recommended by ASTM 317 for horizontal and vertical 
checking (left) and both signal-to-noise ratio and far- and near-surface resolution (right). Blocks 


must fulfill ASTM 128 and ASTM 428 requirements.2°-26 


oo 


Figure 4-26 Reference block and normal probe used for vertical linearity check (left) and 
OmniScan® display of the signals from the two flat-bottom holes in a 2:1 ratio (right). 


Detailed setups and measurement examples were presented in the Phased 
Array Technical Guidelines booklet.? 


4.4.3 User On-site Testing (User Level) 


The integrity check and the pulser-receiver functionality could be tested with 
specific electronic accessories (see Figure 4-27 to Figure 4-30). 
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Figure 4-27 Electronic checking device Hypertronics™ BQUS009A for pitch-catch pulser- 
receiver checking (Tomoscan FOCUS) [left]; and BQUS002A for pulse-echo checking 
(Tomoscan FOCUS and Tomoscan III PA) [right]. 


Figure 4-28 Example of pulser-receiver integrity check for Tomoscan FOCUS™ and 
TomoScan Ill PA using TomoView™ and BQSU002A electronic checking box in pulse-echo 
configuration. Left: double-arrow display shows all channels are good; right: double-arrow 

display for specific pulsers and receivers with malfunctions (white strips). 


OmniScan® 16:128 checking is performed using the BQUS012A adapter (see 
Figure 4-29). 


Figure 4-29 BQUS012A adapter used for OmniScan checking of pulser-receivers in 
conjunction with Selftest 8PR.ops setup. 


The data display for pulser-receiver self-checking is presented in Figure 4-30. 
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Figure 4-30 Example of pulser-receiver integrity check for OmniScan 16 pulsers and 128 
receivers using BQUS012A electronic checking box. Left: double-arrow shows good display; 
right: double-arrow display for specific pulsers and receivers with malfunctions (white strips). 


Self-check adapters can be built based on specific phased array 
inspection/checking configurations, and for a large variety of connector types. 


Another feature, which can be tested on-site, is the functionality of the DDF 
board (software). Use a direct-contact linear array probe with a large near- 
field value (for example, 5 MHz — 32 elements, p = 1 mm), and apply standard 
focusing with F=60mm. Repeat the same setup, but enable the DDF 
function. A display similar to that presented in Figure 4-31 is available to the 
operator. Generally, the beam width in the first 35-40 mm using standard 
focusing is twice that the width of the DDF image. 


Without DDF With DDF 


Figure 4-31 Example of checking the functionality of the DDF feature using stacked side- 
drilled holes and longitudinal waves. Left: S-scan display at 20 degrees for standard focusing 
at F = 60 mm. Right: S-scan display at 20 degrees with DDF function activated. 
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4.4.4 


Tolerances on Instrument Features 


Tolerances for specific measured features depend on electronic setup, 
measurement method, and the standard or procedure to be used. Different 
standards might have different acceptance values, even if the measurement 
method is the same. The recommended tolerances for basic features of phased 
array instruments are presented in Table 4-9. 


4.4.5 


Table 4-9 Recommended tolerances for instrument main features. 


HO% [oe ees 
mo% 
0% | 
+10 % 
HO% Feed 
15% 
20% 
frequency setting 


>65 dB Depends on procedure 


Instrument Calibration and Testing Frequency 


The frequency of calibration and testing electronic features depends on the 
type of application, the regulatory body, and the procedure/standard 
requirements. A recommended calibration frequency is presented in Table 


4-10. 
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Table 4-10 Recommended frequency for instrument calibration and testing. 


Performed by 
Yearly or twice per year By electronic lab 
Vertical linearity Minimum weekly By the NDT lab 


Horizontal linearity Minimum weekly By the NDT lab 
As job requires By the NDT lab 
Integrity of pulser / receivers |On the job or as required By the NDT operator 
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5. System Performance and Equipment 
Substitution 


This chapter presents technical issues related to inspection system 
performance (probe, instrument, and scanner). A detailed section is dedicated 
to the reference blocks used to assess system performance. Another section 
deals with the influence of specific parameters used by the focal law 
calculator on crack detection, sizing, and location. Setup optimization and 
data analysis is detailed in another section. The last section presents the issues 
related to the tolerances on equipment substitution. 


5.1 Calibration and Reference Blocks Used for System 
Evaluation 


Calibration and reference blocks are mainly used to: 


¢ Calibrate the system for a correct reading of the reflector position. 
¢ Calibrate the gain response over a large dynamic range. 


e Adjust the reference gain for a correct detection, sizing, and reporting 
threshold. 


¢ Measure and certify different probe-instrument features for time- 
frequency response and/or ultrasonic field parameters. 


The general trend pattern has been to transfer the methods from conventional 
ultrasonics based on standard practices already in place for many years to the 
phased array domain.!-?° This includes calibration and reference blocks, 
calibration, and scanning procedures. 


However, there are notable differences between phased array and 
conventional ultrasonic domains, due to the following issues: 


e AnS-scan is inherently more complex than a single A-scan. 
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e Phased arrays can generate multiple angles and multiple vibration 
modes, which need beam characterization. 


e Phased arrays can provide different patterns of focusing (linear, elliptical, 
circular, DDF), and focusing at different locations (UT path, depth, 
projection, plane). 

e Phased arrays with disabled elements can be simulated and can generate 
actual beams. 


e Phased arrays provide the opportunity of multivoltage, multigain, and 
gain apodization. 


e Phased array focal-law calculators use multiple angles and focal depths. 


e Phased array instruments with multiple pulser-receiver boards, time 
delays, and other electronics are inherently more complex than single 
channel systems. 


e The software required for phased array setups is necessarily more 
complicated than for monocrystal setups. 


There are many standard ultrasonic calibration blocks (ASME, AWS, IIW, 
IOW, Rompas, etc.), used with established codes, techniques, and procedures 
for conventional ultrasonics. In particular, these are used for construction 
welding where calibration and setups are rigorously controlled. One 
approach is to adapt the conventional ultrasonic codes to phased arrays by 
using these same blocks, but different setup and scanning procedures. This is 
particularly relevant for global industries such as pressure vessel 
construction, or applications that need an overall code and process. 


In-service inspections are different as most are not covered by codes, and are 
often application-specific with their own specifications. Being application- 
specific permits specialized calibration blocks and procedures; however, each 
calibration block or procedure will be specific to that application, and could 
be limited to one industry, or even one company. Since this operation has a 
limited area, the calibration block degrades into a reference block suited for a 
specific application. 


The differences between conventional and phased array ultrasonics and in- 


service inspection requirements led to the development of complex reference 


blocks and methods.*43? Most of these methods employed custom-built 
reference blocks with the general features listed below: 


e Same or similar microstructure or geometry (for velocity and attenuation) 
as the inspected component 


e¢ Same or similar surface preparation (roughness, painting, curved OD, 
curved ID, cladding) as the component 


e Easy identification 
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Large enough not to have interference from block edges or adjacent 
reflectors 


Designed for at least two or three features 
Not too heavy—less than 22 kg (50 Ibs) 
Documented with drawings and with the actual QA documents 


It is recommended that the following generic conditions to be fulfilled when a 
custom reference block is designed: 


1 

2 
3. 
4 


Limit of detection: notch (groove) height > 3 times surface roughness 


Dgide-drilled hole > 1.54 
Block thickness: tpjock >5 A 


Block flatness < 0.5° 


2UT A 
Block width W >", but W > 1.5 Dprobe 
probe 


2UT A 
Side-drilled hole (SDH) length: Lepy > 
D 
probe 
AUT sth 


Déiat-bottom hole < D 
probe 


Speed tolerance: Av < 0.8 % of component value 


Attenuation tolerance: Aa < 10% of linear attenuation coefficient of the 
component 


. Block temperature tolerance: AT < 10°C than component temperature 


. Block thickness variation < 0.15 teomponent 


These tolerances will assure high repeatability, detectability, and sizing 
capabilities. Specific standards, codes, and procedures have the capability of 
allowing larger tolerances on reference blocks. 


Reference blocks used to validate the performance of phased array systems 
should be designed to combine generic with specific features of multibeam 
S-scans. Reference blocks could be classified in the categories presented in 
Table 5-1. 
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Table 5-1 Reference block classification for phased array system performance 
assessment. 


Block shape Reflector type Used for / Remarks 
Rectangular prism | Backwall (BW) _ |RF - FFT, time base calibration 


Rectangular prism | Side-drilled holes | Angular resolution, axial resolution, near-and far- 
surface resolution, index, angle, SNR, vertical linearity, 
sensitivity, velocity, focal depth, focal range 

Rectangular prism | Flat-bottom holes | Angular resolution, near- and far-surface resolution, 
vertical linearity, time base calibration, lateral 
resolution, beam length, beam width, refracted angle, 
index, 3-D Snell’s law, SNR, sensitivity, velocity LW 


Rectangular prism EDM notches Sensitivity, SNR, angular resolution 
fii Deal 
RF - FFT, index, beam profile (width, length), 
sensitivity, time base calibration, velocity 


Quarter cylinder + | Backwall,SDH, |RF-FFT, refracted angle, index, SNR, sensitivity, axial, 
rectangular prism FBH angular resolution, near- and far-surface resolution 


Rounded semi- BW, SDH Time base calibration, sensitivity, SNR, index, refracted 
cylinders angle, near- and far-surface resolution for probes on 
rounded wedges 


Concave/ convex }|EDM notches, FBH|Time base calibration, angle, index, sensitivity for 
piping segments probes on complex shape rounded wedges 
(step) 
Hemisphere RF - FFT, index, refracted angle, far-surface resolution 
sensitivity for 2-D matrix and segmented annular array 
probes 


Some basic remarks for reference block design and evaluation techniques: 


e An ultrasonic beam is not a simple line like a laser beam, but a 3-D 
acoustic wave, with all related features (beam width, beam length, focal 
point, depth of field, attenuation and dispersion, reflection, mode- 
conversions, refraction, interference and diffraction)—all in 3-D test 
piece). 

e An ultrasonic wave is not a single frequency beam, especially when 
damped. Most probes have a relative bandwidth ranging between 50 % to 
100 %. The electronic setup and measurement method may influence the 
results.24-28 


e Errors can result from extrapolating lab results from flat blocks to curved 
test pieces, from static evaluations to dynamic scanning, and from 23°C to 
-30°C or +50°C. In some cases the inspector is forced to inspect critical 
components in adverse weather conditions. In general, perform a 
characterization and system performance evaluation as close to reality as 
possible. 


e Typically, the wedge plastic is significantly more temperature sensitive 
than the metal; therefore, temperature control is a key. 
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e Perform more than three measurements for the same feature. If possible, 
space them in time and use random frequency checks to evaluate the 
accuracy and repeatability of the measurement methods. 


5.1.1 Reference Blocks and Their Use for System Performance 
Assessment 


Examples of different reference blocks are presented in Figure 5-1 to Figure 
5-15. 


Figure 5-1 Example of beam profile on semicylinder blocks. These blocks can also be used 
for refracted angle, index evaluation, and time-base calibration. 


Figure 5-2 Example of angular resolution evaluation and OmniScan® data plotting in a 
rectangular prism block with complex EDM notches. 
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Figure 5-3 Example of angular resolution block: TomoScan FOCUS LT display on four vertical 
flat-bottom holes spaced apart by 0.5 mm, 1.0 mm, and 2.0 mm. 


Figure 5-4 Example of far-field and axial resolution measurement using BS (British Standard) 
block with side-drilled holes. 
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Figure 5-5 Example of axial resolution and refracted angle evaluation on AWS (American 
Welding Society) block. 


Figure 5-6 Example of axial resolution evaluation on BS/JIS (Japanese Industrial Standards) 
multiple-step semicylinder block with OmniScan® display. Note good discrimination on A-scan 
at left. 
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Figure 5-7 Example of vertical-angular resolution evaluation on IOW (Institute of Welding) 
block with five side-drilled holes with OmniScan display. 


Figure 5-8 Example of time-base calibration for L-waves and TomoScan FOCUS LT data 
plotting on rounded quarter-prism cylinder blocks for phased array probe on concave-rounded 
wedge. Reference reflector: cylindrical backwall. 


178 Chapter 5 


Figure 5-9 Example of index, angle evaluation, and sensitivity setting on rounded (convex 
surface) reference blocks for the TomoScan FOCUS LT instrument. Reference reflector: SDH. 


Courtesy of Ontario Power Generation Inc., Canada 


Figure 5-10 Examples of refracted angle, index, and SNR evaluation on convex (left) and 
concave (right) reference blocks used for small bore-piping inspection. The reference reflectors 
are EDM notches cut at the ID. 
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Figure 5-11 Example of beam profile evaluation using a reference block with round-bottom 
side-drilled holes (RBSDH). 


Figure 5-12 Example of reference blocks for index and angle evaluation using constant UT 
path for negative and positive angles. 


Figure 5-13 Example of reference blocks for index, angle, and depth evaluation using SDH at 
constant depth. 
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Figure 5-14 Example of reference block with stacked SDH used for angle, index, and location 
evaluation. 


Figure 5-15 Example of reference block with EDM notches used for sizing evaluation for 
longitudinal-wave probes in direct contact, negative, and positive angles. 
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5.1.2 Influence of Reference-Block Velocity on Crack Parameters 


One of the critical features for a reference block is the metallurgical structure. 
The ultrasonic velocity is a major factor for time-base calibration, refracted 
angle, index, attenuation coefficient, defect location, and sizing. An example 
of the influence of specimen velocity on crack parameters [depth (d), height 
(h), projected distance (pd), and crack-tip angle (B crack tip)] is presented 
below (see Figure 5-16). In this experiment, the specimen velocity was 
artificially altered in the focal law calculator and the crack parameters 
measured: projected distance versus probe front face, refracted angle for the 
last significant crack tip and crack height. This mimics the effect that wrong 
input data would have on measured defect parameters. 


aa Location 
« 


Crack thickness 


Figure 5-16 Definition of crack parameters for evaluation of block velocity variation. 


If the input velocity has a higher value than the actual value, all the measured 
crack parameters will have a larger value than the actual. If the input velocity 
is lower, the crack parameters will decrease. This effect is valid for both 
longitudinal- and shear-wave probes (see Figure 5-17 and Figure 5-18). 
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Crack location [mm] 


5000 5500 6000 6500 5000 5500 6000 6500 
Programmed velocity [m/s] Programmed velocity ] 


: Actual : : 
: vege doce AGMUBL Ss cnet Aa eek Bal, 
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Figure 5-17 Example of test piece velocity influence on measured crack parameters as 
defined in Figure 5-16. The velocity was programmed using the focal law calculator. The crack 
detection and sizing was performed with a longitudinal-wave probe of 8 MHz, with 32 elements 

and a pitch of 0.4 mm. 


3,050 m/s : 3,250 m/s 3,450 m/s 


Figure 5-18 Example of crack S-scan displays for different programmed velocities for a 7 MHz 
shear-wave probe with 16 elements and a pitch of 0.6 mm. Middle-velocity value represents 
the correct velocity of the test piece. Note the significant difference in the measured crack 
depth. 


This experiment concluded that the programmed (or block velocity) must be 
within +80 m/s of the actual test-piece velocity. In this example, this tolerance 
affected the measured defect coordinates with variations between: 


e +1mm for height 
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5.2 


5.2. 


e +1mm for depth 
e +2 mm for location 


e +2°for refracted angle of crack-tip sizing 
Influence of Probe Parameters on Detection and Sizing 


The major features, which might affect the system performance for detection 
(amplitude) and sizing (depth, location, height), are: 


¢ number of dead or damaged elements, 
¢ pitch size, 

° wedge angle, 

e wedge velocity, and 

e height of the first element. 


Other probe features, such as frequency, bandwidth, passive aperture, and 
pulse duration, could also affect the detection, sizing, lateral and axial 
resolution, and the presence of grating lobes. These features are well defined 
by probe designers and manufacturers, and are generally not major concerns. 
They are presented in detail in chapter 3. 


1 Influence of Damaged Elements on Detection, Crack Location, 
and Height 


Phased array probes (1-D linear and/or 2-D matrix) might suffer mechanical 
damage (dropped, cable bent/twisted, face wear, or lack of electrical contact) 
to individual elements. Studies performed by R/D Tech and EPRI% on 1-D 
and 2-D linear array probes concluded that damaged elements have the 
following effects on detection and crack location: 


5.2.1.1 2-D (1.5-D) Matrix Probe (4 x 7) 


¢ Damaged elements reduce the amplitude signal, particularly the SNR. 


e If 20% of the active elements are “damaged” (inactivated): the loss in 
amplitude is about -4 dB; crack location has a negative error of —1 mm; 
and cracks are undersized by 1 mm. 


¢ Beam diameter is not significantly affected (see Figure 5-19). 
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Figure 5-19 Beam profile (X-Y plane) for 2-D matrix probe 7 x 4- 1.5 MHz as function of 
damaged elements. 


Based on these results, EPRI issued a white paper for procedure 


qualification*4, regarding the influence of damaged elements on probe 
performance. 


5.2.1.2 1-D Linear Probe 


A probe (5 MHz, pitch of 1.0mm, and 16 elements) was used on a flat 


Rexolite® wedge (thickness = 10 mm) to generate longitudinal waves focusing 
at 20 mm depth in steel. 


In this experiment, an 8-element virtual probe was created and the study was 
limited to a maximum of 3 dead elements. The gain loss was very significant, 
as presented in Table 5-2. 


Table 5-2 Gain loss for an 8-element VPA as function of dead or damaged elements. 


Number of dead or Gain loss Worst dead or damaged 
damaged elements [dB] element combination 


re ee Ee | 


ee 


For a 16-element probe, the gain loss is presented in Table 5-3. 
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Table 5-3 Gain loss for a 16-element VPA as a function of dead or damaged elements. 


Number of dead or Gain loss Worst dead or damaged 
damaged elements [dB] element combination 


is 


ee 
ee 
eC Se 


The beam profile changes as function of number of dead or damaged 
elements (see Figure 5-20). 
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Figure 5-20 Simulation of beam profile in X-Y plane for a 16-element probe with a variable 
number of dead or damaged elements. 
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If the cut-off in amplitude variation is —-2 dB, only one dead or damaged 
element (12 %) is permitted for an 8-element probe, and only two dead or 
damaged elements (12%) are permitted for a 16-element probe. Beam 
distortion is significant for three or more dead or damaged elements. Similar 
results were reported by UDRI-USA®° for high-frequency probes of 5 MHz 
and 10 MHz (32 elements), and Mitsui Babcock Energy, UK*° for a 32-element 
probe of 2 MHz. 


5.2.2 Influence of Pitch Size on Beam Forming and Crack 
Parameters 


Another major factor, which might affect the system performance, is the 
probe pitch size. This parameter contributes to the active aperture size, beam 
diffraction pattern, and to the depth of field. Errors in pitch size might come 
from manufacturing tolerances and/or due to a wrong input value in the focal 
law calculator. 


This lab experiment evaluated the errors on crack location for a group of 
10 MHz contact 1-D linear probes with a pitch of 0.3 mm, 0.4 mm, and 0.5 mm 
respectively. The following inspection scenario was assumed: the front of the 
probe is set a constant distance from the crack location (see Figure 5-22). This 
situation mimics geometric obstructions, when the probe cannot be moved 
forward further. 


This experiment consisted of three objectives: 


1. To evaluate the beam feature of a side-drilled hole located at z=80 mm 
using 4MHz longitudinal waves, p=1.0mm, and 32 elements. Probe 
pitch was altered from 0.7 mm to 1.2 mm (see Figure 5-23). As before, this 
was an artificial change of element size in the focal-law calculator, to 
simulate incorrect data input. The actual element size remained 
unchanged. 


2. To evaluate the crack detection capability and crack parameters (height, 
depth, crack-tip angle, crack orientation/shape) using a shear-wave probe 
of 5 MHz with a pitch of 0.5 mm and 16 elements. Probe pitch was altered 
from 0.35mm to 0.7mm in the focal-law calculator. The crack was 
produced in a weld with wall thickness of 28mm. Crack 
height = 12.7 mm (see Figure 5-24). 


3. To evaluate the dependence of crack parameters on pitch size. A fatigue 
crack with a height of 12.7 mm was induced ina steel plate with thickness 
of 25mm. The linear array probe had a frequency of 8 MHz using 
20 elements, and pitch of 0.4mm. Pitch was altered from 0.3mm to 
0.5mm, step 0.05mm (see Figure 5-25 to Figure 5-27). Longitudinal 
waves were used to detect and size the crack. 
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Figure 5-21 Example of crack locations in S-scan for three probes with different pitch when 
the distance A is constant. 


Figure 5-22 The influence of pitch size on side-drilled hole detection located at z = 80 mm. 
1-D linear array probe of 32 elements, pitch = 1.0 mm, 4 MHz, longitudinal waves. Note the 
increase of crack location with increasing pitch. 
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Figure 5-23 Example of pitch-size influence on crack detection, size, and orientation. 
16 elements, pitch = 0.5 mm, 5 MHz, shear waves. 


p=0.31 mm 


Figure 5-24 Example of pitch size influence on crack detection. 20 elements, pitch = 0.31 mm, 
12 MHz, longitudinal waves. 


The dependence of crack height, depth, and crack-tip angle for case 4 are 
presented in Figure 5-25 to Figure 5-27. 
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Figure 5-25 Dependence of crack-tip angle on artificially altered pitch size for case 4. A 
variation of crack-tip angle of +2° is achieved for 8 % variation of pitch value. 
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Figure 5-26 Dependence of crack depth on pitch size for case 4. A variation of crack depth of 
+1 mm is achieved for an artificial pitch variation of +15 %. 


Crack height [ mm ] 


Pitch size [mm] 


Figure 5-27 Dependence of crack height on pitch size for case 4. A variation of crack height 
by +0.5 mm is achieved for a pitch variation of +5 %. 
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The results presented above for the experimental scenarios concluded: 


e Beam forming, beam diameter, and SNR are not significantly affected for 
a pitch variation of +10 %. 


e Crack height was undersized for larger pitch-value inputs in the focal-law 
calculator. A variation of +5 % of the pitch value will keep the crack- 
height errors within +0.5 mm. 


e For frequency < 6 MHz, a pitch variation of +20 % has little influence on 
crack detection. 


e <A cchange of +20 % pitch value for a 12 MHz probe led to a missed-crack 
call. 


¢ Measured crack orientation depends on pitch value. A larger pitch value 
changes the slope of the crack orientation. 


e An error of crack depth location within +1 mm is achieved for a pitch 
variation of 8 %. 


¢ Crack-tip angle has a very rapid change with pitch size. 


5.2.3. Influence of Wedge Velocity on Crack Parameters 


Wedge velocity and the position of the probe on the wedge have a major 
influence on beam parameters, crack detection capability, and crack location. 


Wedge velocity is important for S-scan refracted angles, time-base calibration 
and defect detection, and characterization. Errors in wedge velocity will affect 
the parameters mentioned above. In order to evaluate the effect of wedge 
velocity on crack parameters, an experiment was performed by electronically 
altering the wedge velocity in the focal-law calculator. A 1-D, 7 MHz linear- 
array probe, 16 elements, and with a pitch of 0.6mm was mounted on a 
commercially available Plexiglas® wedge. The probe was used with 
TomoScan FOCUS LT™ equipment, and in static, shear-wave mode. A fatigue 
crack with an average height of 7.8mm was induced in a steel plate with a 
thickness of 20 mm. Wedge velocity was changed in the focal-law calculator 
from 2,430 m/s to 3,030 m/s, step 50 m/s. Sample results presented in Figure 
5-28 to Figure 5-31 concluded: 


e In order to keep a tight error on crack height (Ah crack = +0.5 mm), the 
wedge-velocity variation must be within +60 m/s of the actual value. 

e¢ Accrack location error of Az =+1 mm can be achieved for wedge velocity 
tolerances within +40 m/s. 
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Figure 5-28 Examples of S-scan display showing the wedge-velocity influence on crack 
parameters for a 7 MHz, 16-element, pitch = 0.6 mm, ona Plexiglas wedge. 
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Figure 5-29 The dependence of measured crack height on artificially altered wedge velocity. 
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Figure 5-30 Dependence of maximum S-scan crack-tip angle on input-wedge velocity. 
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Figure 5-31 Dependence of measured crack depth on input-wedge velocity. 


5.2.4 Influence of Wedge Angle on Crack Parameters 


The wedge angle is an essential variable, which sets the sweep range, the 
S-scan focal laws, and the calibration of time base and gain sensitivity. A 
change of wedge angle might occur due to wedge wear during a long 
inspection period, test piece geometry, errors due to machining, errors in 
measuring the actual angle, and/or errors due to a wrong input in the focal- 
law calculator. This section studies the effect of artificially changing wedge 
angle in the focal-law calculator on crack parameters. 


For example, a 5 MHz, 32-element shear-wave probe, with a pitch of 1.0 mm, 
was mounted on a Plexiglas® wedge of 47° to detect a 12 mm crack located in 
a 28 mm-thick plate. The wedge angle was artificially altered in the focal-law 
calculator from 41° to 53°, in increments of 0.5°. Detection was optimized for 
the actual wedge angle and the probe was locked onto the plate. Crack 
parameters were measured (height, location, depth, and crack-tip angle) for 
each event. The results presented in Figure 5-32 to Figure 5-34 concluded: 


e A crack-height error of Ah ¢ack = +0.5 mm is obtained for a wedge-angle 


variation Of AO wedge < +1.6°. 
e A crack-depth error of AZ aq =+1.0 mm is obtained for a wedge-angle 


variation of AO wedge S +1.8°. 


° A crack-tip angle of AB cack tip =+2° is obtained for a wedge-angle 
variation of AO wedge $ +1.5°. 
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e Higher wedge angles oversized the crack height due to a larger beam 
spread; crack location is closer to the surface due to an increasing delay in 
the focal laws. 


Crack height [mm] 


41 42 43 44 45 46 47 48 49 50 51 52 = 53 
Wedge angle [degrees] 


Figure 5-32 Measured crack-height dependence on wedge-angle variation. 
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Figure 5-33 Measured crack-depth dependence on wedge-angle variation. 
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Figure 5-34 Measured crack-tip angle dependence on wedge-angle variation. 


5.2.5 Influence of First Element Height on Crack Parameters 


Location of the first element on the wedge is essential for beam forming, gain 
loss, and wedge-delay values required for an accurate calibration and for the 
beam index (exit point). A higher value for h, then contributes to increased 
attenuation, forward movement of the exit point, a larger wedge dimension, 
and limits the sweep range value, particularly for upper refracted angles used 
mostly for the detection and sizing of near-surface defects. 


The following experiment was performed with an 8 MHz, 16-element, pitch 
of 0.6 mm linear-array probe mounted on a Plexiglas® wedge of 47°, with an 
actual height of the first element 1, = 4.0 mm. Shear waves were used to detect 
and size a 7.8mm crack in a steel plate of 20 mm thickness. Detection and 
sizing were optimized and the probe was locked onto the test piece. The 
height of the first element was electronically altered in the focal-law 
calculator from 1 mm to 7 mm, in steps of 0.5 mm. The results are presented 
in Figure 5-35 to Figure 5-37. 


Figure 5-35 Screen captures of S-scan displays for crack detection and sizing with different 
h,. An 8 MHz, 16-element, pitch of 0.6 mm probe mounted on a Plexiglas wedge was used in 


shear-wave-mode setup. 
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Figure 5-36 Dependence of measured crack vertical dimension on the height of the first 
element. 


Crack depth [mm] 


3°25 #-2 -15 -1 05 O 05 1 1,5 2 2,5 3 


Height variation of first element [mm] 


Figure 5-37 Dependence of measured thickness on height variation of the first element. 


In this example, the results presented above concluded: 


e Crack-tip angle and crack-shape pattern are not affected by height 
variations. 


e A crack-height error of +0.5mm is achieved for a height variation of 
+1.5 mm. 


e A crack-depth error of +1.0 mm is achieved for a height variation of 
1.0 mm. 


The experimental results are summarized in Table 5-4. 
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Table 5-4 Tolerances for specific features for reliable crack detection, sizing, location, and 
pattern displays*. Input data electronically changed in the focal-law calculator. 


Component Feature 
Velocity LW 
Ref lock 
Sterence Piock [Yeloaity-SW 
Max. 20 % — 2-D 
Dead elements (BX20%=2D _| 


Pitch size +(5-8) % 

Velocity 
Wedge (Plexiglas) | Angle 

Height 


* Tolerances on crack parameters: 


¢ height: +0.5 mm 
e depth: +1.0 mm 
e location: +1.0 mm 


¢ crack-tip angle: +2° 
¢ pattern display: +5° tilt angle in S-scan 


Similar experiments can be performed for other combinations of parameters, 
such as: Rexolite® wedge and water, on aluminum; water (immersion), and 
on titanium forged billets for flat-bottom holes (hard-alpha inclusions/sphere 
reflectors). Tolerances on system performance can be established by 
evaluating their influence on reference reflectors (detection, size, position, 
pattern). 


Basic system performance, such as time-base calibration and sensitivity 
settings are detailed in chapter5, “Ultrasound Settings, Calibration, and 
Periodic Checking,” of R/D Tech Phased Array Technical Guidelines,>’ and the 
Olympus NDT software manual for OmniScan®.38 


The next two sections detail issues related to optimization of system 
performance, tolerances on essential variables, and equipment substitution. 


5.3 Optimization of System Performance 


Optimization of system performance depends on the requirements of the 
specific inspection. Chapter 7 details a large array of specific problem-solving 
cases for advanced industrial applications. The optimization process has an 
ultimate goal: a faster, better, and more reliable inspection. 
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Optimization must be performed at all inspection levels: from design 
requirements, setup parameters, and acquisition windows, to defect plotting 
and reporting. The optimization process must be regarded as a complete 
inspection process, with a suitable perspective. Optimization of a specific 
parameter might affect the performance of the others. Table 5-5 presents 
examples of parameter optimization based on the most important requested 
features. 


Table 5-5 Examples of parameter optimization based on specific requirements. 


Parameter optimization 


Increase acquisition rate 
Increase scanner speed 
Minimize the number of A-scans 
Minimize the ultrasonic range 


Increase the encoder resolution A higher scanning speed associated 

Maximize the beam dimensions witha large encoder resolution could 
Increase scanning Use DDF features downgrade the image quality. The 
speed scanning speed should be correlated 


eee : . with the minimum defect to be 
TomoView ™ and in OmniScan®, detected. 


which match the application (see 
Figure 5-38 and Figure 5-39). 

Build customized setups according 
to procedure/code (AWS, API, FAA, 
ASME, JIS, EN, DNV, etc.). 
Maximize the frequency 


Use predefined setups in 


Reduce the scanning speed 


Increase Increase the angular resolution Some parameters depend on specific 
detectability Use additional channels with test piece features (thickness, geometry, 
threshold different gains roughness, “as is” conditions). 

Use predefined analysis layouts 

Use high-low band-pass filters 

Use high-frequency, highly damped Depends on test-piece conditions 


probes Depends on surface roughness 
Combine automated with semi- Depends also on defect 

automated scanning patterns characteristics (nature, size, location, 
Customize the color palette orientation) 


Increase sizing Use soft-gain palette as analysis tool 
capability Increase the angular resolution 
Increase the probe aperture 

Use L- and S-wave combinations 


Use a complementary scanning 
pattern 
U 


se 3-D ray tracing and modeling 
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Table 5-5 Examples of parameter optimization based on specific requirements. (Cont.) 


Parameter optimization 


¢ Customize the layout 
Use defect table 

se merge feature 

se 3-D data plotting 
Faster and more se color palette DataLib is limited to TomoView™ and 


reliable analysis OmniScan® formats and applications. 


U 
U 
U 
U 


se DataLib°? to customize the data 
analysis 


Use Microsoft® Excel® import 
features to customize the properties 
of pane windows 


64.2 64.91 161.52 


— 
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Figure 5-38 Example of S-scan setup for a predefined weld inspection (OmniScan®). 
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Linear-x2 » W-PA-ASCAN-LINX 1-AXISX1 Linear-x2 > UT-MS5800, a) 

Sectoria-x1 > W-PA-ASCAN-LINX 1-AXISX2 Sectoria-x1 >» TO 

Sectoria-x2 > Sectoria-x2 > 

TOFD a TOFD » 

_Demo » _Demo » 

_My Layouts > _My Layouts > 

NewLayout NewLayout 


Figure 5-39 Example of predefined setup layouts for different applications use (TomoView™). 


Some examples related to different aspects of optimization are presented 
below. 
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Example 1: Optimize the S-scan (angles and range) 


Figure 5-40 represents a shear-wave S-scan ranging from 0 mm to 90 mm with 
sweep range AB =25-85°. The optimized S-scan to inspect a forging for 
possible defects in the range of 25mm to 65mm is represented by the 
boundary 35-65° and depth range: 20mm to 70mm. Selecting only this 
region will lead to a higher acquisition speed and reliable detection. 


Figure 5-40 Example of S-scan optimization for a forging inspection, depth range of 20- 
70 mm and sweep angles of 35-65°. 


Example 2: Optimize the setup taking into account the depth of field for different 
virtual apertures. 


A probe with a large aperture is very useful for greater depth inspection and 
for an increased lateral resolution. Figure 5-41 shows PASS simulation data of 
the depth of field for a 1-D, 5 MHz, 32-element, pitch = 1 mm array probe. The 
three following simulations presented in Figure 5-41 were created with 15° 
refracted longitudinal wave. Focal depth was F; =40 mm (left), Fy =75 mm 
(middle), and F3= 100 mm (right). The focal depth decreases for near-surface 
defects. 
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Figure 5-41 PASS°9 simulation results showing the dependence of depth of field on focal 
depth for a 5 MHz, 32-element, pitch = 1.0 mm linear-array probe. Longitudinal waves in steel, 
refracted angle = 15°. (Note scale change at right for deeper range 85-125 mm.) 


The use of large apertures for the detection of near-surface defects is not 
recommended (see Figure 5-42 and Figure 5-43). 


Courtesy of Ontario Power Generation Inc., Canada, and PeakNDT, UK 


Figure 5-42 Example of aperture size on depth-of-field principle. Top: schematic of UT beam 
simulation for 5 MHz 32, 16, and 8 elements LW at 0° focusing at F = 20 mm. Bottom: beam 
modeling (32, 20, and 10 elements). 
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Figure 5-43 Example of depth-of-field value for a 64-element, 1-D linear-array probe of 
8 MHz, pitch = 0.5 mm. Probe was used in LW mode, focusing in steel at F = 30 mm for 0°. 


Figure 5-44 presents experimental results with the above mentioned probe for 
a 32- and 10-element virtual aperture for detecting 2 mm SDH located in the 
range from 10 mm to 25 mm, all at the same gain. It is clear that the detection 
of the SDHs is achieved with saturated amplitudes for all three SDHs 
(21 =10 mm, 22=15 mm, z3=25 mm) by using VPA = 10 elements, while the 
32-element aperture detects only the middle SDH (z.=15mm) is above 
reference level. Optimization of the setup must take into consideration a 
gradual increase of VPA with depth. PASS simulation on SDHs*! will 
contribute to an optimization of the VPA to cover the depth and the angle 
range with a minimum number of focal laws. 


Figure 5-44 Example of optimization of virtual probe aperture (VPA) for detection of SDHs in 
the depth range 10 mm-25 mm. Top: VPA = 10; bottom: VPA = 32. Probe features: 
f, = 3.5 MHz; pitch = 1.0 mm; n = 32 elements; LW analyzed at +5°; f = 18 mm in carbon steel. 
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5.4 


5.4. 


Essential Variables, Equipment Substitution, and Practical 
Tolerances 


This section details the technical aspects to establish which system 
parameters are essential variables, issues related to equipment substitution, 
and the minimum field checking of overall features. This includes practical 
tolerances on phased array equipment. 


1 Essential Variables 


The ultimate goal of any industrial inspection system is to provide repeatable 
and reliable results. Translated to defect features, the system must provide 
accurate detection, location, sizing, and discrimination versus possible 
neighboring defects. The factors which could affect the reliability of phased 
array results are detailed in chapter 6. This section presents the phased array 
essential variables related to: 


e = Instrument 
e Scanner 


¢ Probe (cable length, probe main features) 


A parameter is considered essential if a small variation in performance 
produces an unacceptable change in the inspection data. The same parameter 
can have different weight factors, depending on NDE design requirements, 
industry (nuclear, aeronautics, petrochemical, off-shore, manufacturing, in- 
service, etc.), and acceptance criteria: workmanship or engineering critical 
analysis criteria. The same component can be inspected with different 
techniques in the manufacturing phase, pre-service, and _ in-service 
conditions. Essential variables can differ from case to case.4!-48 


As presented in section 5.2, the tolerances on defect characteristics determine 
the weight factor and the tolerance on phased array parameters. For example, 
repeatable detection of small flat-bottom holes (0.4-0.8 mm) in titanium 
billets over a large depth range (for example, 0-80 mm) by an automated 
phased array system, requires a very narrow beam (<1.2 mm diameter), 
variable aperture, and wavefront variation to be less than 1/6.49 In this 
application, essential variables have very tight tolerances for probe 
qualification and substitution. 


Essential variables must be correlated with the way the inspection is 
performed (automated, semi-automated, manual, in immersion, with wedge, 
VPA used, number of scan directions, number of wave modes, etc.). These 
parameters must be defined in the procedure, as “essential” or not. An 
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example is presented in Table 5-6 from ASME V, Article 4.1! 


Table 5-6 Essential variables for procedure qualification for weld inspection 
according to ASME V, Article 4 — Table T-422,11 


Requirement / parameter Nonessential 
variable variable 
Weld configurations to be examined, including thickness a ee 
dimensions and base material product form (pipe, plate, etc.) 
Personnel qualficationrequirements Si dd 
Personnel performance requirements, when required Pp xX fo 


The surfaces from which the examination shall be performed Pp xX fo | 
Surface condition (examination surface, calibration block) ; x 


Couplant: brand name or type 
Technique(s) (straight beam, angle beam, contact, and/or 
immersion) 


Anglets) and mode) af wave propagation Whe mater ——_[X 
Search unit ype() Frequency), and clement siz(aVahapeay [| % | 
Special search units, wedges, shoes, or saddles, when used } xX | 
Directions and extent of scanning | x] 


Method for discriminating geometric from flaw indications 
Method for sizing indications 
Computer enhanced data acquisition, when used 


Records, including minimum calibration data to be recorded (such 
as instrument settings) 
Scan overlap (decrease only) 


Specifically applied to phased array equipment, the essential variables 
depend on instrument type, operating software (setup, acquisition, and 
analysis), method of scanning (mechanical scanner, electronic VPA, semi- 
automated scanning), focal-law calculator, and probe-wedge parameters. 


An example of essential variables for a one-line scan (or linear scan) with a 
1-D probe attached to an encoder is presented in Table 5-7a and Table 5-7b for 
weld inspection qualification. The overall settings (UT parameters, PA probe 
and wedge, focal-law calculator, scanning patterns, display/layouts, etc.) are 
saved under a setup file (.ops), which can be locked. Only the User field can 
be altered during the inspection. 


If the inspection requires 2-D probes and complex setups (for example, by 
importing a .law file built in the Advanced Calculator to OmniScan®), the 
essential variables are different. 
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Table 5-7a Example of classification of variables for OmniScan 1.4 used for weld inspection in 
semi-automated mode (encoded hand scanner with one-line/linear scan). 


[ur [__Sean___[_Display | Probe/Part_| PGM Module 


E|Display E|Group NA |Enable 

E|Group NA|Group Link NA|Scan type 

E| Property 1 E|Select NA |ConnectionP NA|Width 

E} Property 2 E| Select Wedge NA | ConnectionR NA | Threshold 
E| Property 3 E|Select Probe NA 

E| Property 4 E| Auto pee E 


E 
E 
E 
E 


Receiver NA|Min. Angle E|Output 

Filter NA|Max. Angle E|Alarm # 
Rectifier 

Video Filter 

Averaging Delay 

Reject Hold Time NA 


Gain Offset 

Scan Offset 

Index Offset 

Angle NA | Material 
Skew 

Beam Delay 


Set 80 % E| Storage NE ae A NA shai 
Set Ref 

dB Ref E|Property 1 NA|Property 1 

Points Qty E|Property 2 NA|Property2 NAJ|EchoQty 
Scale Factor E|Property 3 NA|Property 3 

Sum Gain 4 E|Property 4 NA|Property 4 


E = essential 
NE = nonessential 
NA = not applicable 
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Table 5-7b Example of classification of variables for OmniScan 1.4 used for weld inspection in 
semi-automated mode (encoded hand scanner with one-line/linear scan). 


Menu feature [ Menu feature 

Utilities 

Phased Array 
E 


E| Destination NE} Unit E 

E|Bright NE 

E| SaveSetup As NA | AminPassword E 

Wedge delay E| Field 3 E|Save Data _—_E|Scheme NE 
E|Save Mode  E 
FileName  E 


Gain E E| Template E] Clock Set 
Start E| Angle E|File Name _ E|Data Set 
Range E|Paper Size NE|Time Zone NE 
Wedge delay E| Index E| Daylight 
Saving NE 
Velocity E|Add Entry NE Select Key NE 
Assign Key NE 


User Field 
E 


E| Display TableNA | Select E| Startup Mode E 
E| Entry Image NA| Enable E| System Info NA 
E}Range E| Add Entry NA|Label 
E| Wedge delay E|DeleteEntry NA} Content E| File Manager NA 
E] Velocity E| Select Entry NA 
Edit Com- 
ments NA 
[Code [Display _[—_Export__[ Notes [Options] 
Back E| ExportTable NA | Record NA| Mouse NE 
Next Listen NA|EZView NA 
Erase NA| Option KeyNA 
Property1 NA|Wedge delay E Edit Notes NA| Remote Desk- 


Property 2 Edit Header NA 
Property 3 
Property 4 


Gate DHCP NA 
Start IP Address NA 
Width Subnet Mask NA 
Threshold Apply NA 
Mode Remote PC NA 
Synchro Connect NA 


E=essential NE = nonessential NA = not applicable 
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For example, the E-scan length and beam overlap for electronic scanning of a 
pressure vessel weld (thickness = 19.1 mm) depends on probe VPA and the 
total number of elements. Results for probe 5L64-I1 (5 MHz, 64 elements, 
pitch=0.6mm) and 10L128-I2 (10 MHz, 128elements, pitch=0.5 mm) 
regarding the dependence of E-scan length (or coverage) on VPA are 
presented in Figure 5-45 and Figure 5-46. 


Figure 5-45 Definition of E-scan length (fixed angle electronic raster scanning) for detecting 
inner-surface breaking cracks (/eft) and an E-scan image from 10L128-A2 probe for crack 
detection (right). 
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SCANNING LENGTH [MM] 


VPA [ NR. ELEMENTS ] 


Figure 5-46 Dependence of E-scan length on VPA size for probes 5L64-/1 (bottom) and 
10L128-I2 (top). Resolution = 1 element. 


In this example, the E-scan length has a linear decrease with VPA. A variation 
of +1 mm of E-scan length is achievable for a VPA variation of +2 elements. 


5.4.2 Equipment Substitution and Practical Tolerances 


Equipment substitution is part of everyday field-inspection activity. The idea 
of substitution is to keep the overall system performance equal to or better 
than the bench-mark system that is qualified for specific inspection problems. 
For new construction, adherence to the codes and procedures is generally 
adequate, and usually specified; this is addressed in the section on Codes. As 
such, equipment substitution is covered in the Codes by following the 
standard calibration procedures. 


For in-service inspections, where codes are often inappropriate, correct 
detection and sizing could be the key issues. For ISI, the qualification process 
can be a very costly and time-consuming process. The procedure, equipment 
performance, and personnel skills must be demonstrated.°9 A deviation from 
the equipment parameters (type, manufacturer) and predefined tolerance of 
essential variables could void the qualification, unless a new performance 
demonstration is undertaken. The equipment substitution could be based on 
the same type of instrument/probe/motor control driver unit. 


In some cases, the equipment substitution can take place between different 
instruments (for example, Tomoscan III PA 32:128, Tomoscan FOCUS™ 
32:128, TomoScan FOCUSLT™ 32:128, TomoScan FOCUSLT 64:128, 
OmniScan® 16:128, OmniScan 32:128). Is the substitution possible without 
degrading the procedure performance? The best acceptance method is to 
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keep essential parameters within similar range values (similar or identical 
setups). Detection and sizing, as well as data analysis and defect plotting, 
must be within specified tolerances. A practical method is to use the same 
phased array probe in combination with different instruments and perform 
basic checks (see Table 5-8). 


Table 5-8 Example of acceptance criteria for equipment substitution.@ 


Tomoscan Tomosean:) Tomoscan OmniScan 
Feature Tolerance It FOCUS LT | FOCUS LT 32 Remarks / Block 


Time base +1 mm / 4.6 / 49.8 / |25.1/50.2/ |24.7 / 49.6 / }25.1/ 50.2 / |R25, R50, R100 
100 mm 99.7 100.5 99.8 100.3 
+5 % +3 +2 


Har 


tion 
sion 


+ +4 (% or + +3 FBH 2 mm /z=50 mm; 
d gain |FSHASTM range: 10 % to 100 % 
FSH 


FBH 2 mm /50 mm; 
range: 10 % to 100 % 
FSH 

+0.5 


eal ke 


ae EDM notch 30 x 4mm 
eer | 
+0.5 EDM notch 30 x 4mm 
pe etentomn | 


EDM notch 10 x 2mm 
atz=75mm 

>30 SDH - 1.5 mm diameter 
z=75mm 


deci- same probe 


Substitu- Test performed with 


4Minimum five measurements per event; similar setups, same probe. 


Courtesy of Ontario Power Generation Inc., Canada. 


Similar equipment substitution acceptance tests can be performed for 
immersion and FBH or spherical reflectors for automated systems. 
Automated calibration (both position and amplitude) can be used as a first 
threshold. Detection and sizing specific defects in the test piece could be the 
next step. 
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Another possible equipment substitution is between a batch of instruments of 
the same type, in combination with a batch of probes from the same family. 
An example is presented in Figure 5-47. The upper-lower acceptance bands 
or red lines also include the experimental error for a single probe and single 


instrument. Acceptable tolerance is within 0.5 mm. 
ALAA AE Hii rm i I 
HI | 


Wii 


#1 #2 #3 #4 #5 #6 #7 #8 
OmniScan 16:16 machine number 


Height PA [mm ] 


Courtesy of Ontario Power Generation Inc., Canada 


Figure 5-47 Example of equipment substitution (same family of instruments and same family 
of probes) performance in EDM notch sizing (Mactual = 1.5 mm). Eight OmniScan 16:16 were 
used in combination with nine linear array probes of 5 MHz, 12-element, p = 0.5 mm, 
Plexiglas® wedge of 30°. The average value of the crack height is 1.4 mm (blue line). 


A fine time-base calibration for a specific range can improve the accuracy in 
defect location. A dual semicylinder with known radii is very useful for a 
large range of angles. Use the cursors for symmetry and a normal beam for 
reading (see Figure 5-48). 
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Figure 5-48 Example of fine calibration for 27-55 mm depth range in steel using a 
semicylinder with radii of R38 and R50 for longitudinal waves with a sweep range from —40° to 
+40°. Accuracy in UT path calibration is about 0.2 %. 


Another quick and reliable practical evaluation of system performance can be 
performed on side-drilled holes, on reference blocks such as Rompas (IIW 2), 
IOW (Institute of Welding), ASME V, or the blocks presented in section 5.1. 
Examples are illustrated in Figure 5-49 to Figure 5-53. As long as the reflector 
coordinates are within acceptable limits, and the sensitivity calibration and 
TCG are within +1 dB tolerance (see Figure 5-54), the system is capable of 
highly reproducible results over the ultrasonic range and the sweep angles. 
This approach bears more resemblance to the standard code procedures for 
new construction. 
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Figure 5-49 Example of sensitivity checking and probe angle-index values on SDH of Rompas 
block. 


Figure 5-50 Example of sensitivity checking and probe angle index values on OW block SDH. 
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Figure 5-51 Example of reflector coordinate checking for longitudinal waves using three side- 
drilled holes. 


Figure 5-52 Example of OmniScan® calibration checking on SDH (right) and sizing capability 
on groove (left) using ASME V block. 
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= 


133 


EDM notches 


Courtesy of Ontario Power Generation Inc., Canada 


Figure 5-53 Example of capability assessment of EDM notch sizing and angular resolution on 
vertical flat-bottom holes. Left: the 36 mm block and the probe movement; right: phased array 
data for a 7 MHz shear-wave probe. 


Figure 5-54 Example of sensitivity calibration over the sweep range for an OmniScan® 
instrument. 
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Practical tolerances for refracted angles are presented in Figure 5-55 and 
Figure 5-56. 


Tolerance [ degrees ] 


30 35 40 45 50 55 60 65 70 


Refracted angle [ degres ] 


Figure 5-55 Practical tolerances on refracted angles for shear waves. 


Tolerance [ degrees ] 


-10 -5 0 5 10 15 20 25 30 35 40 
Refracted angle [ degres ] 


-40 -35 -30 -25 -20 -15 


Figure 5-56 Practical tolerances on refracted angles for longitudinal waves. 


Different applications might trigger different tolerances on equipment 
substitution, as presented in Table 5-9. 


System Performance and Equipment Substitution 215 


Table 5-9 Comparison between OPG and ASME XI defect tolerances.*° 


ee a OPG-IMS 
Feature [In-service nuclear ‘ Remarks 
> : [Low-pressure turbine] 
weld inspection] 
+4 mm OPG: in the stressed area, along the 
component length 
OPG: oversizing trend 
OPG: undersizing trend 


q OPG: within family 


Bandwidth + OPG: within family 


Refracted + 2? OPG: versus best detection and best 
Nr. of dead <25 % for 1.5 (2)-D <10 % for 1-D EPRI white paper on matrix probe; 


Courtesy of Ontario Power Generation Inc., Canada. 


If the application permits, the main guideline for equipment substitution in 
phased array technology can be based on tolerances of defect features (see 
Table 5-10). For other applications, specifically code-mandated inspections, 
this approach is not appropriate, and equipment substitution is based on 
calibration. 


Table 5-10 Example of recommended tolerances for equipment substitution based on system 
performance for specific defect tolerances. 


Tolerances 
Feature 7 Remarks 
Stringent 


z 
System performance measured during 
Defeeriene procedure validation. 


Defect height . +1 mm 


mmm Could differ from application to 


application. 


Depends on standards and codes 
requirements. 


Gain variation within DAC 


May depend! on application type 
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Table 5-10 Example of recommended tolerances for equipment substitution based on system 
performance for specific defect tolerances. (Cont.) 


Fesbure Renate 
+10 % +15 % |Depends on standards and codes 
Probe frequency : 
requirements. 


10 % tolerances are unrealistic achievable 
Probe bandwidth due to experimental errors and pulse 


duration tolerances. 


0% _|_<B% 
<I5% |< 
Depends on standards and codes 
requirements 

Height of 1St element May change for specific procedures. 


As a final example of system substitution, two different phased array systems 
(see Table 5-11) lead to similar and acceptable results for a crack detection, 
sizing, and location in a 20 mm steel plate. The crack has a height of 9 mm 
(average). The techniques and evaluation methods are different, but the 
results are acceptable for equipment substitution (see Figure 5-57 and Figure 
5-58). 


Table 5-11 Example of equipment substitution for two different configurations used for crack 
detection, sizing, and location/plotting. 


PA system no.1 | PA system no. 2 R k 
OmniScan 16:128 | FOCUS LT 32:128 ae 


; Contact angled Direct contact 
Inspection type 
wedge 


PWavewpe | Shear | _Longitadnal [SS 
[Probefrequency | S0MHz__[__10MAz [SSS 
Neofelements [| _1e +i id SS 
Pichi mm mm CSCS 
Sweeprange iY aw OOS 
PWedgeangle [| _3 [| NA [SSS 


Tequisition ype [ SemPautomatic |_Automatiec [SS 
Crack height 


td sec deeainld +12 dB +22 dB Ref. target: EDM notch 
10x 2mm 
marking 


Vertical few top Multiple top Stress-corrosion crack-branched 
branches branches 


Accept Accept Must be documented in a 
Equipment substitution technical justification and in the 
procedure qualification 


Crack morphology 
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Figure 5-57 Example of crack sizing with OmniScan® and shear-wave probe (see Table 5-11 
for details). 


Figure 5-58 Example of crack sizing with TomoScan FOCUS LT and longitudinal wave probe 
(see Table 5-11 for details). 


Simple reflectors (SDH, FBH, or notch) are used for periodic equipment 
checking. These reflectors are machined in a standard reference block. 
Equipment checking may be performed in the lab or in the field. Based on 
these results, equipment substitution is permitted. This substitution is one 
systematic factor in the reliability chain of the overall performance of the 
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inspection chain/factors. These factors and their impact on reliability are 
discussed in chapter 6. 


ASME Code Cases 2235 and N-659-152-53 permit the use of ultrasonic 
inspection in lieu of radiographic, provided the ultrasonic inspection 
technique demonstrates the capability of detecting, sizing, and locating 
appropriate defects. Olympus NDT started multiple initiatives for different 
standards, codes, and recommended practices (ASME, ASTM, API, AWS) to 
qualify phased array instruments based on a simplified sensitivity-calibration 
procedure with both ACG (angle-corrected gain) and TCG (time-corrected 
gain) over the SDH calibration range. Examples presented in chapter 5 related 
to equipment substitution may be considered a pragmatic (practical-sensible) 
start for an evaluation of system performance against specific targets and 
procedure requirements. If a diversified fleet of instruments fulfills these 
requirements, the equipment substitution is allowed. 


Recent published ASTM E 2491-06, “Standard Guide for Evaluating 
Performance Characteristics of Phased-Array Ultrasonic Examination 


Instruments and Systems,”>4 details a guideline for evaluating the PAUT 
equipment performance and ways to check specific parameters. 
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6. PAUT Reliability and Its Contribution to 
Engineering Critical Assessment 


This chapter presents technical issues related to the reliability of phased array 
ultrasonic technology (PAUT) and the PAUT contribution to Engineering 
Critical Assessment (ECA) for building a reliable safe case for duty-life 
management of industrial structures with construction or service-induced 
defects. Examples are given from different domains such as: nuclear (welds 
and turbine components), pipelines, and aeronautics. 


Note that the ECA approach to guaranteeing structural integrity is very 
different from the old workmanship approach. In the latter, the components 
are over-designed, with little regard to service life, defects, or even 
nondestructive testing. The workmanship inspections merely ensure that 
gross defects do not get introduced. ECA is a much more sophisticated and 
advanced approach that involves modern technology (including inspection, 
sizing, and characterization capabilities) to minimize material use and 
maximize efficiency and reliability. 


6.1 —_Living with Defects: Fitness-for-Purpose Concept and 
Ultrasonic Reliability 


It is a fact of life that all industrial structures, and all types of different 
materials (steel, aluminum, composites, titanium, Zircaloy™, Inconel®, etc.) 
contain flaws. These flaws have an impact on structural integrity and are 
taken into account in the design, manufacturing and in-service phases of the 
structure; they can be accepted or rejected on a case-by-case basis. The flaws 


can be classified! as: 


¢ Noncritical: will not grow during the service life of the facility. 


¢ Not critical: will grow at a slow rate and never reach critical size during 
the life of the facility. 
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e Subcritical or significant: due to service conditions, these flaws will 
become defects of critical size during the next inspection interval. They 
have to be monitored and repaired. 


e Critical: flaws that will grow at a high rate before the next inspection. 
These could produce catastrophic failure with loss of production, 
significant consequences for the environment, or even loss of lives. 


The design engineering of the structure/component (pressure vessel, pipeline, 
off-shore structure, jet fighter, bridge, etc.) must include the fail-safe, or leak- 
before-break concept, by selecting the proper material, tolerating a specific 
flaw size, and specifying the inspection method and the periodic interval for 
in-service inspection. The Engineering Critical Assessment or Fitness-For- 
Purpose concept was established to address “rejected indications” reported 
by standard ultrasonic methods; in a case like this, a due-diligence judgement 
will leave the operating parameters of the inspected component under safety 
considerations (see Figure 6-1). 


The ECA documents (Codes, Recommended Practice, Standards)?!” take 
into account the capability and uncertainty of the ultrasonic methods to be 
used in different phases: manufacturing, pre-service, base-line, in-service. 
The increasing use of fracture mechanics and engineering critical assessment 
concepts in engineering projects has had a major impact on the performance 
assessment of the ultrasonic methods employed for specific components. 


The reliability of ultrasonic methods is measured by: 


¢ How effective is the method if employed by multiple teams? 
¢ How does performance vary with different time intervals? 
e¢ What is the capability of detection and sizing of ultrasonic procedures? 


e And what criteria are used to classify and report the results of the life- 
assessment (disposition) decision. 


ECA requires quantitative defect data and procedure validation. The 
quantitative data is essential for monitoring and for duty-cycle management 
decisions. 
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Figure 6-1 Relationship between ECA and defect acceptance. 


The results from an ultrasonic inspection may fall in one of the categories!3-! 
presented in Table 6-1. 


Table 6-1 Classification of ultrasonic results based on flaw presence. 


Flaw in component Ultrasonic decision Classification 


The most significant event for structural integrity is to miss a defect located in 
the ECA domain. False calls are also costly and lead to a lower confidence 
level in overall performance of the ultrasonic inspection. 


It is acommon approach for an ECA engineer to ask the following questions: 


e “What is the minimum flaw size that can be detected?” 
e “How large a flaw might be missed by applying this technique?” 
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Once the defect is detected and reported to ECA, another three questions are 
asked: 


e “What are the tolerances for height, location, length, and 
orientation?” 


e “What is the separation between two defects? 
e “What is the probability that this defect is or is not a crack?” 


If defect detection is considered an independent event (such as hit or miss), 
statistics and probability can be applied to a family of independent samples 
with specific flaws, for a large number of inspection teams. Different graphs 
can be plotted to summarize and analyze the results. Examples on how to plot 
probability of detection (POD) from ultrasonic data are published in 
references 16-28. The ultrasonic performance related to defect detection and 
sizing can be measured by: 


e Probability of detection versus defect length (or height) 

e Mean sizing error versus true value 

¢ Standard deviation of sizing error 

¢ Confidence level (probability of missing defects) 

e Intercept and slope (to evaluate the performance trend) 

¢ Root mean square (RMS) 

e Defect sizing error 

e Relative operating characteristic (ROC), or probability of false alarms 


Defect detection is based on an electrical signal above a specific amplitude 
threshold. The overall noise (electronic, coupling, material) must be as low as 
possible. A high detection rate with few false calls is based on good signal-to- 
noise ratio (SNR). The defect parameter a (length, height, or area) is measured 
by the ultrasonic parameter @ (“a” hat), which may be a combination of SNR, 
TOF, UT path, scanning surface and amplitude, scanning length and 
amplitude, relative arrival time from defect extremities, etc. 


Repeatable measurements and/or measurements on similar defects will create 
a normal distribution of events. The mean value and its standard deviation 
are compared to the defect features. If the defect size is too small, the 
detection and sizing becomes unreliable. If the defect is too large, the 
amplitude is saturated and the detection is obvious. Figure 6-2 illustrates, in 
principle, the link between defect characteristic a and the ultrasonic 
parameter 4. 
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Log A[ ultrasonic amplitude % FSH / pixel area / SNR / length ,,,/ height ,,] 
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Figure 6-2 Correlation principle between defect feature (a) and ultrasonic parameter (a). 
An example of crack sizing (@=Nerack) using the tip-echo-diffraction 


technique (4 = AUT (omer-tip/cosB) using a conventional probe is presented in 
Figure 6-3. 


Figure 6-3 Example of correlation between crack height (a-parameter) and A-scan display 
(a-parameter) for conventional ultrasonic scanning. 


The same crack-height measurement for phased array inspection is presented 
in Figure 6-4. 
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Figure 6-4 Example of correlation between crack height (a-parameter) and S-scan display 
(a-parameter) for phased array ultrasonic scanning. 


Figure 6-5 and Figure 6-6 show examples of ultrasonic data plotting as POD, 
histograms, line trend, and ROC curves. 
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Figure 6-5 Examples of probability of detection for different applications and different defects: 
FBH in titanium billets (/eft); SC crack-sizing histogram in stainless-steel weld piping (right). 
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Figure 6-6 Example of “true” vs. “UT-measured” sizing-trend line (left) and ROC curves (right). 
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Field data, experimental results, round-robin tests, and specific assessment 
programs from the late 1970s and mid-1980s on amplitude-based 


procedures”? 4 concluded that it is almost impossible to keep an amplitude 
variation within a +2 dB interval. The findings are grouped in the following 
main conclusions: 


e Ultrasonic results depend not only on system performance, but also on a 
large number of other factors*°-? (see Table 6-2). 

e There is a large variation between the technical content of the procedures 
applied to inspect the same component by different teams. 

¢ The human factor is a major contributor.49*9 

¢ Procedure validation on irrelevant mock-ups leads to low scores for POD. 

e Sizing should be performed based on nonamplitude (time-of-flight 
diffraction) techniques. 

e The qualification process (equipment substitution, procedure 
performance, and personnel skills) or screening must be performed by an 
independent body under a performance demonstration program.>0-2 

¢ Codes and Regulations must detail the qualification process for specific 
components. 

¢ Technical justification must be included in the qualification process.>>> 

e Essential variables that affect the inspection results must be set within 
specific ranges and/or within well-defined tolerances.>© 

e Inspection qualification is a complex process, costly, and should be well 
documented.°” 


The development of the time-of-flight diffraction (TOFD) method in the UK 
and the published papers related to its accuracy (£0.3mm) in monitoring 
crack growth®8©? led to ASME Code Case 2235. TOFD was considered a 
reliable sizing tool for ECA. However, recent studies®? and blind trials in the 
UK®*5 led to the following conclusions: 


e¢ TOFD should not be used as a stand-alone quick-scanning technique 
instead of radiography or pulse-echo ultrasonic methods. 


e Defects as high as 5mm cracks were not detected, and sizing 
accuracy was low (+4 mm). 


TOFD technique limitations were presented in the Introduction to Phased Array 
Ultrasonic Technology Applications (chapter 2). Olympus NDT systems 
typically employ a complementary phased array/ multiangle pulse-echo 
technique and TOFD (reference 30, chapter5) to overcome these 
shortcomings of TOFD and they provide reliable detection, sizing, and 
plotting (see also chapter 7). 
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Reliability of the inspection system is defined as a function of the intrinsic 
capability (ideal lab conditions to qualify the procedure and equipment), field 
specific conditions (access, surface conditions, defect location, defect 
morphology), and human factors (training, motivation, experience, 
questioning attitude). The last two factors mentioned decrease the reliability 


of inspection systems according to the following formula: 


R =f (IT) 


g (AP) 


h (HF) 


Table 6-2 Examples of the main factors affecting the reliability of ultrasonic inspection. 


[Component [Defect [Environment [ Procedure | Instrument [ Probe | Cable | 


-Surface condi- 
tions 

-Weld configu- 
ration 
-Counterbore 
-Macrostruc- 
ture weld 
-Macrostruc- 
ture compo- 
nents 

-Variable thick- 
ness 
-Mismatch 
-Clad, painted, 
buttering/ 
overlay 
-Component 
temperature 


-Calibration 
-Encoder accu- 
racy 

-Encoder step 
-Home posi- 
tion 

-Backlash 
-Trajectory 
-Probe holder 
-Gimbal mech- 
anism 


-Degradation 
mechanism 
-Shape 
-Location 
-Position 
-Tilt/skew 
-Tight/wide 
-Oxide/water 
fill-in 
-Branched/ 
single tip 
-Stress level 
smooth/ 
rough 


-Multiple 
views 
-Pixel size 
-Cursors 
-Data signal 
processing 


-Validation on 


real defects 


-Defect sizing 


tools 
-Reporting 
tools 
-Specimen 
tools 


-Radiation 


-Underwater 
-Heights 
-Vibration/ 
Oscillation 
-Day/Night 
Shift 
-Foreign mate- 
rial exclusion 
zone 

-Rubber area 
zones 
(radiation) 
-Explosive 
-Corrosive 


Mock-ups/ 
blocks 

-Realistic 
-Defect type 
-Defect distri- 
bution 
-Worst defect 
included 
-Position 
-Access 
-Satellite 
defects 
-Defect identi- 
fication 


-Scope / ECA 
input 

-Special cir- 
cumstances 
-Personnel 
qualification 
-Equipment 
-Calibration 
sensitivity 
-Scanning 
mode 
-Encoder 
step/speed 
-Defection/ siz- 
ing method 
-Ligament siz- 
ing 

-False calls rate 
-Recording/ 
identification 
-Analysis 
scheme 
-Verification 


-Vertical lin- 
earity 
-Horizontal 
linearity 
-Digitizer reso- 
lution 
-Sampling rate 
-Acquisition 
rate 

-Pulser perfor- 
mances 
-Receiver fil- 
ters 

-Receiver gain 
-Gate(s) char- 
acteristics 
-Receiver 
bandwidth 


-Frequency 
-Bandwidth 
-Index 
-Wedge angle 
-Squint angle 
-Probe type 
(mono/dual) 
-Couplant type 
-Couplant 
thickness 
-Probe charac- 
terization 
(beam width, 
beam length, 
focal depth, 
depth of field) 


-Type 
-Impedance 
-Length 
-Multiple con- 
nections /sin- 
gle piece 
-Radiation 
resistant 
-Underwater 
pressure resis- 
tant 
-Mechanical 
endurance 
-Twisted effect 


se 


-Technical Jus- 
tification 
-Independent 
-Qual. Body 
-Open/ blind 
trials 
-Representa- 
tive test pieces 
-Essential vari- 
ables 
-Tolerances on 
equipment 
-Tolerances on 
defect 
-Trained per- 
sonnel 


-Skills, educa- 
tion 
-Experience, 
training 
-Handle stress 
-Motivation 
-Communica- 
tion 

-Accept chal- 
lenge 
-Qualified for 
inspection 
-Team work 
-Self-Check 
-Conservative 
decision mak- 
ing 
-Familiarity 
with inspec- 
tion 
-Knowledge- 
able 


-Set priorities 
(safety, quality 
production) 
-Select the 
right man- 
power 
-Balance cost 
vs. produc- 
tion/dose 
-Supportive for 
qualification 
-Set QA barri- 
ers on inspec- 
tion 

-Allow enough 
inspection time 
-Three-way 
communica- 
tion 

-Good work 
management 


-Define roles 
and responsi- 
bilities 
-Supervising 
-Peer review 
-Sampling 
checks in the 
field 

-Data manage- 
ment 

-Assure redun- 
dancy for final 
decision 
-Internal audit 
-External audit 
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How does PAUT fit in the ECA concept of safety case, monitoring, and 
disposition? 


PAUT has specific advantages compared with TOFD and conventional 
ultrasonic testing: 


Focused beams with high SNR. 

S-scan imaging of test pieces makes interpretation easy and straightforward. 
Multiple beams with high angular resolution lead to a high POD. 

Data analysis is significantly easier than for TOFD. 

Data can be plotted onto 2-D /3-D specimen drawings. 


The high reliability of PAUT is a synergetic combination of the following 
factors (see Figure 6-7): 


Validation 
Redundancy 
Diversity 


4 


Figure 6-7 Elements of PAUT reliability and ECA safety case. 
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The new trend in applying Risk-Based Inspections (RBI)®”-” relies on the 
high reliability of UT inspection methods. Qualification of procedures, 
equipment and personnel is part of the RBI. The qualification process is based 
on technical justification, open trials, and blind trials. Independent 
organizations are set to manage the qualification, such as European Network 
of Inspection Qualification (ENIQ). Qualification and different aspects of 
ultrasonic reliability are major contributors in any NDE Conference.7!~” In 
spite of its relative young life, PAUT has been qualified for different 
applications.”°*! 


Some examples regarding the PAUT reliability and its contribution to ECA 
are given in the next sections. 


6.2 PAUT Reliability for Crack Sizing 


The information found in this section was provided by Ontario Power Generation 
Inc., Canada.82-83 


An ECA team asked OPG Inspection and Maintenance Services (IMS) to 
detect and size fatigue cracks in the counterbore area of feedwater piping 
welds (OD x ¢ = 324 mm x 38 mm) in a thermal station. A sizing accuracy of 
+1 mm for the outer ligament was required. It was known that the fatigue 
cracks could be branched, and morphology varied from oxide-filled wide 
cracks to tight cracks. The fatigue cracks were tilted at different angles and 
had different shapes (see Figure 6-8). The weld cap could not be totally 
removed in the field and access from the component side was limited due to 
the geometry of the fillet T-welds. 


The technique used was validated on open and blind trials on retired-for- 
cause samples with service-induced cracks with known heights. Some 
samples underwent magnetic-particle examination over the side faces for 
crack-height confirmation. Other samples were broken and metallography 
results compared with PAUT data. Some samples were measured by high- 
accuracy optical methods. The field inspection was witnessed by the ECA 
engineer and by the customer. 


In order to attain reliable sizing, it was decided to report to ECA the crack- 
ligament distance to the outer surface. In this way, the errors due to crack 
morphology (in reading the crack leg, inner surface irregularities, and crack 
orientation in the counterbore transition area of variable thickness) were 
eliminated (see Figure 6-9). As a conservative decision, ECA subtracted 2 mm 
from the outer ligament measurement reported by PAUT. 
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Figure 6-9 Example of inner surface aspect with a multitude of fatigue cracks. The most 
critical cracks are located in counterbore transition zones (C1 and C2). 


For calibration, a retired-for-cause coupon with known crack height was 
used. In this way, the errors due to velocity changes in the weld, pipe, and 
component were taken into account in the overall assessment of the ligament 
by PAUT. 


OmniScan® 32:32 and TomoScan FOCUS LT™32:128 were used in 
combination with 1-D linear array probes presented in Table 6-3. These 
probes were used for different possible field scenarios, such as access to the 
top of weld, access to the component side, uneven surfaces, piping roughness, 
higher attenuation material, rough inner surfaces, sizing the last significant 
tip (for optimized focusing at specific depths), plus different methods for 
sizing. Both instruments produced repeatable results and their performance 
was documented. 
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Table 6-3 Linear array probes used for crack sizing and ligament evaluation of economizer piping 


welds. 


Frequency |,,. Number of 2 at 
Probe ID [MHz] Pitch [mm] Wave type | Remarks; active area [mm x mm] 


Peto ft P92 Congtainal_ Direct contact hare: #<7 
ie 


Longitudinal |Direct contact hard-face; 10 x 16 
Longitudinal |Direct contact hard-face; 8 x 8 


Sa so Longitudinal |Direct contact hard-face; 10 x 16 
a ee Se ee Direct contact hard-face; 12 x 12 


Peest_[__7 [06 [16 |Shear_ [Plexiglas wedge 7810 | 
Paesr [8 [04 [2 [Shear [Rexolite wedge 31%) 19% 1 


Figure 6-10 presents a comparison between PAUT results before breaking the 
sample and the metallography results from sample 9B. It should be noted that 
the crack height varies between 8.3 mm and 8.9 mm along the 30 mm pipe- 
circumference length. Side measurements might not lead to the highest crack 
height. PAUT results cannot be related to the crack height at the end face of 
the sample. 


Figure 6-11 presents an example of PAUT data comparison between 
TomoScan FOCUS LT™ with Probe 23 and OmniScan® 32:32 with probe 28. 
The remaining ligament measurements and S-scan displays concluded that 
the crack had a height variation of +0.5 mm, similar to the 9B broken sample. 


Figure 6-10 Example of PAUT data comparison with metallography on sample 9B. 
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Figure 6-11 Data comparison between optical results (top-left), magnetic particle (top-right), 

and two PAUT systems: TomoScan FOCUS LT+P23 (left) [Ligament = 26.9 mm] (bottom-left), 

and OmniScan 32+ P28 (right); [Ligament = 27.4 mm] (bottom-right) on sample 9A with two 
cracks. 


Figure 6-12 presents data comparisons between magnetic particle testing and 
PAUT for sizing a tight crack in the 3E-header weld sample. Initially, this 
crack was reported by TOFD as 7 mm in height. 


Figure 6-12 Data comparison between magnetic particles (/eft) and PAUT (right) for sample 
3E (header) with a tight crack. 
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The overall performance of PAUT in sizing fatigue cracks in feedwater piping 
weld counterbore zones is presented in Figure 6-13. 


~ Systematic undersizing by -0.5 mm; 
H crack = H PAUT +0.5 


4 5 6 7 8 9 10 11 12 13 14 15 16 
True Crack Height [mm] 


Figure 6-13 Correlation between PAUT crack height data and true measurements. 


Example of crack detection, sizing, and confirmation in the field are 
presented in Figure 6-14 and Table 6-4. 


Figure 6-14 Examples of complimentary sizing techniques with shear waves (left) and lateral 
scanning over the crack with longitudinal waves (right). 


238 Chapter 6 


Table 6-4 Example of PAUT contribution to ECA decision for two cracks located in two T-welds. 


Conf. 2 Ligament | Witnessed 
S-scan 1P23 | S-scan2P21| © 1P42 | poyasr final: by ECA/ eas 
lateral decision 
S-scan NDE team —2mm 


The field inspection was performed on ten welds at more than 40 locations 
within one day, and witnessed by the ECA engineer. The simplicity of S-scan 
displays and the direct correlation between crack location, transition zone, 
and ligament measurement assured a reliable measurement of the crack 
profile for 360° around the weld. 


6.3 PAUT Reliability for Crack Sizing on Bars 


The information found in this section was provided by Ontario Power Generation 
Inc., Canada.84-85 


OPG-Inspection and Maintenance Services carried out an experimental 
program to assess the PAUT sizing capability for fatigue and SCC cracks 
induced in bars (plates) with thicknesses between 6.4mm and 25.4 mm (see 
Table 6-5). Examples of crack morphology are presented in Figure 6-15. 


Table 6-5 Bars with fatigue cracks used for assessment of PAUT sizing capability. Thickness 
range: 6.4mm to 25.4 mm. 


Bars with fatigue cracks 


[Bas with fatigne racks) 
2 
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Figure 6-15 Examples of fatigue cracks produced in steel bars from Table 6-5. 


Crack height was measured using a stereo microscope. The crack-height 
accuracy was 0.05 mm. 


Linear array probes are listed in Table 6-6. The detection was optimized for 
the last significant crack tip and measurement was repeated three times for 
the same location. 


Table 6-6 1-D linear array probes used for crack-height measurement on steel bars. 


Active area 
Probe ID Fee ail Number of Frequency Panay 
: elements [MHz] [%] 
pitch [mm] 


Sa wave 
es] 
ee EE 


Examples of crack sizing with shear- and longitudinal-wave probes are 
presented in Figure 6-16 to Figure 6-18. 
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Figure 6-16 Examples of crack sizing in 18 mm bar (left), and 11 mm bar (right) with 8 MHz 
shear-wave probe. 


Figure 6-17 Examples of crack-sizing principles with 10 MHz L-wave probe on sample no. 18. 
Left: S-scan; right: lateral scanning for crack profile along the bar width. 


Figure 6-18 Examples of crack shapes (branches) and height evaluation by S-scans at 
different angles for L-wave scanning on sample no. 18 (see Table 6-7). 
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Table 6-7 Crack height measured at different angles for sample no. 18 using a 10 MHz 
L-wave probe. 


There is a tendency to undersize the crack height at normal incidence. The 
best sizing angles for L-waves are between 20° and 50°. 


The overall performance of the PAUT in crack-height sizing is presented in 
Figure 6-19. There is an undersizing tendency by —-0.2 mm to -0.6 mm. The 
tendency increases with crack height. 


ee 


Crack height PAUT [mm] 


0 2 4 6 8 10 12 14 16 
Crack height [mm] 


Figure 6-19 Overall performance of PAUT for crack-height sizing on straight bars. 


6.4 Comparing Phased Arrays with Conventional UT 
The information found in this section was provided by Ontario Power Generation 
Inc., Canada. 


PAUT results were compared to conventional UT. The following advantages 
were found: 


e Better signal-to-noise ratio for crack tips (14-20 dB compared with 6- 
10 dB for conventional UT) 
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e Possibility of sizing small cracks in thin samples (about 10 % t) [see 
Figure 6-20] 

¢ Possibility of imaging crack facets using back scatter with S-scans, even 
for cracks as small as 2.3 mm in height (see Figure 6-21) 

e Redundancy in sizing using S-scans, A-scans, and merge features 

¢ Possibility of focusing at the crack tip; the undersizing trend for large 
defects (30-50 % t) is reduced from —2 mm (conventional UT) to -0.5 mm 
or less for PAUT 

¢ Possibility of imaging the crack pattern, easy to optimize, and useful for 
sizing 

¢ Possibility of combining shear and longitudinal waves in multiple 
channels for ligament measurement 


aa CII 


Figure 6-20 Example of crack sizing. Left: sample no. 4 (t= 6.4 mm); middle: sample no. 12; 
right: sample no. 9. Cracks as small as 0.6 mm can be sized with high reliability. Cracks with 
height > 2 mm can be displayed with patterns of multiple scattering from crack facets. 


Cracks with a height greater than 3mm were reliably sized by both L- and 
S-wave techniques (see Table 6-8) and (Figure 6-21). 


Table 6-8 Crack height comparison between L- and S-wave probes. 


Metallographic Height L- waves Height S-waves 
crack height [mm] [mm] 


[mm] 10MEz 


| Meanerror_ [06 [05 | 03 [| 04 [02 _| 


The crack sizing capability for this experiment is presented in Figure 6-21. 
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' a5SW —=60SW —=PASW 


60° SW 


Normalized crack height [%t] 


Figure 6-21 PAUT sizing error for crack heights between 0.6 mm and 14.1 mm in bars with a 
thickness of 6.4 mm to 25.4 mm. 


Examples of ligament measurement and data plotting are presented in Figure 
6-22. 


Figure 6-22 Examples of ligament sizing by PAUT: (left) 1.5 mm in 25 mm sample; (right) 
3mm in 35 mm sample. 


The trend is to undersize the ligaments, if their real value is less than 3 mm. 
Conventional UT undersizes the ligament by 1.5 mm to 2.5 mm, while PAUT 
undersizes the ligament by 0.5 mm (see Figure 6-23 and Figure 6-24). 
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Figure 6-23 Ligament sizing capability by conventional UT; 45°-SW (top); 60°-SW (bottom). 
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Figure 6-24 Ligament sizing capability by PAUT using a combination of L-waves and S-waves. 


PAUT Reliability and Its Contribution to Engineering Critical Assessment 245 


In summary, sizing the last significant tip is a challenge for ultrasonic 
inspections, in general. PAUT generally undersizes cracks, but the average 
error is between —0.2 mm to -0.6 mm, depending on the probe frequency and 
the crack morphology. Conventional UT undersizes crack height by —-2 mm to 
-6 mm, depending on crack morphology, tilt angle, and crack location. This 
data is taken into consideration for ECA evaluations. 


6.5 PAUT Reliability for Turbine Components 


The information found in this section was provided by Ontario Power Generation 
Inc., Canada.86-101 


Low-pressure turbine components (rotor-steeple grooves, blade roots, disc 
bore, disc rims, and antirotating holes) require phased array inspection for 
detection and sizing of possible service-induced cracks. 


There are specific problems related to phased array inspections on these 
components: 


¢ Complex shapes, unique for each item (for example, each row)—see 
Figure 6-25. 


¢ Turbine manufacturer might not be too cooperative, specifically when an 
independent in-service inspection company can provide competitive 
service to the utility. 


e There is no regulator; a unique inspection specification is required for 
each turbine type. 


e There is a lack of mock-ups and reference defects. 
e There is no independent qualification body for procedure validation. 
e The utilities require detection and sizing of the smallest defects possible. 


e There is tremendous pressure on the ISI company to perform a very 
reliable job on the critical outage path at a high-productivity rate. 


¢ The drawings are not easy available. 


¢ Limited movement available for probe scanners led to customized probe 
designs and manipulators. 


The reference target is generally a straight EDM notch. Significant differences 
might exist between real components with 100,000-plus hours of operation 
and a new mock-up with notches. Lack of representative samples, unknown 
defect population, and limited systematic studies on possible failure 
mechanisms led to sketchy procedure qualifications. Most ISI groups, 
including OEMs, qualify their procedures on EDM notches. 
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Little to no data is reported on service-induced cracks, corrosion pits, missed 
cracks, and false calls. Deblading and magnetic-particle (MP)/replica 
inspection are costly, but they are the only techniques available to confirm the 
capability/reliability of in situ phased array inspections. Confirmation of 
phased array calls requires physical destruction of the sample and 
unavailability for the next service provider, or for procedure requalification 
when some essential parameters are changed. 


There is no Designated Qualification Organization (DQO); most Design 
Responsible Organizations (DRO) issue their inspection specifications based 
on the phased array detection capability on EDM notches. The qualification of 
phased array procedures for low-pressure turbine components is lacking due 
process. 


Stress-corrosion and corrosion fatigue cracks artificially induced on steeple 
grooves, disc rim blade roots, and disc keyways are very costly and difficult 
to control and document for QA. 


The reasons mentioned above lead to the concept of capability demonstration, 
rather than performance demonstration. The capability demonstration is an 
internal process set by the inspection company. The detection and sizing 
capability is assessed on samples during the open trials and the results are 
included in an engineering development report. 


For these noncode in-service inspections, the most common approach for 
sensitivity adjustment is to set the noise level on the components at 10-15 % 
and report indications with SNR>3:1 (10dB) above this level. This 
conservative approach has led to false calls and costly deblading. On the 
other side, missing real SCC, which might be detected by magnetic particle 
inspection after a deblading operation, puts the reliability of phased array 
ultrasonic techniques into question. 


Figure 6-25 Examples of low-pressure turbine components and their complex shapes. 
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OPG-IMS took the following steps to develop a consistent program of 
capability demonstration for phased array techniques on low-pressure 
turbines: 


e ~=6A literature search of failure mechanisms 


e Technical meetings with OEM, Fracture Mechanics Engineering Group, 
and Power Train Engineering 


e Reverse engineering of mock-ups and service-induced defects 


e Design, manufacture, and qualify the best suited phased array probes for 
specific components 


e Adopt ENIQ approach (minimum three targets, technical justification, 
simulation of inverse problems, assess essential variables, probe 
characterization, increase the population of 3-D crack like defects, retire- 
for-cause items with real defects, refine the techniques and scanners 
performances to avoid false calls and/or missed cracks) 


¢ Perform open/blind tests on a large variety of EDM notches in reference 
blocks and realistic mock-ups 


e Perform open/blind tests on retired-from-service items with fatigue/SCC 
and corrosion pits 


IMS capability demonstration is an ongoing program based on OPG 
procedures. The reliability of phased array inspection was based on the 
following premises: 


e Validation [procedure, equipment, training/test people, capability 
demonstration, simulation, representative mock-ups, and_reverse- 
engineering crack-like complex EDM notches] 


¢ Redundancy [automated and manual, three to four analysts, multigroup 
S-scans] 


e Diversity [combined multiple techniques, different types of waves, 
confirmation of independent detection with different PA probes, two to 
three methods of sizing] 


Specific examples of PAUT capability are presented in Figure 6-26 to Figure 
6-34. The length of small defects (<x 8 mm) or aligned cracks can be sized by 
S-scan depth readings, depending on probe-defect relationships. 
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Figure 6-26 Left: example of ray-tracing simulation for probe trajectory on side face of L-1 
steeple (Alstom low-pressure turbine). Right: OmniScan® data plotting for a complex EDM 
notch (length x height = 6 mm x 2 mm) on hook 1 L-1 steeple block. 
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Figure 6-27 Example of technique validation on complex EDM notch (left) and TomoScan 


FOCUS LT™ screenshots for specular (middle), skew (top), and side skew (bottom) probe 
positions. 
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Figure 6-28 Example of crack detection and sizing using side technique [top]; data 
comparison between MP (4.2 mm / 16.7 mm) [bottom-left] and PAUT 
(4.2 mm / 15.8 mm) [bottom-right] for crack location and crack length. 


Figure 6-29 Left: example of data comparison between PAUT, MP, and fracture mechanics. 
Right: example of data comparison between PAUT and fracture mechanics. 
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Stress Corrosion Cracking 
Convex side 
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& 


PA paut = 74mm x 12 mm* 


* Limited D-scan on the wing 


Figure 6-30 Example of detection and sizing of stress-corrosion cracks on convex side-blade 
root. 


Figure 6-31 Example of crack sizing and plotting onto 3-D portion of a blade: PAUT data (left); 
MP data (middle); crack reconstruction onto 3-D part based on PAUT and MP data (right). 
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Figure 6-32 PAUT detection and sizing of a large crack (top); confirmation by independent PA 
technique on convex side (bottom-left); MP measurement for that location (bottom-right). PAUT 
primary detection/sizing results from concave side: Ngrack = 21.9 mm; PAUT confirmation: 


Acrack iz 215 mm, erack MP =21.4mm. 


Figure 6-33 Example of diversity of detection and sizing with side and top techniques. 
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Figure 6-34 Example of detection, confirmation, and ray-trace modeling for technical 
justification—confirmation of SCC in the disc-rim attachment. Top-left: ray-tracing simulation for 
linear-defect confirmation with mode-converted beams; top-right: detection of two SCC in low- 
gain focal law S-scan group; bottom-left: detection of two SCC with high-gain focal law S-scan 
group; bottom-right: SCC confirmation with the UT path skip. 


One major problem for low-pressure-turbine PAUT inspections is avoiding 
false calls due to corrosion pits. Corrosion pits can be grouped, randomly 


distributed, or aligned. The aligned pits could lead to stress-corrosion cracks 
(see Figure 6-35). 


Figure 6-35 Examples of grouped and aligned corrosion pits on disc hooks and blade-root 
hooks (aligned). A better cleaning of the blade revealed small stress-corrosion cracks in 
between aligned pits. 


Again, PAUT proved to be a reliable tool for distinguishing between cracks 
and pits using the redundancy of beam angles in S-scans (see Figure 6-36). 
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Figure 6-36 Pattern display of the B-scan for 32° (top) and 46° (bottom) on hook 3 for a 
General Electric disc. Data presentation onto a 3-D component reveals the location of 
geometric echoes, linear target, and corrosion pits along the disc profile. 


Data comparison with fracture mechanics, finite element stress analyses, and 
data plotting onto the 3-D specimen (see Figure 6-37 to Figure 6-40) 
contributes to a better understanding of the relationship between probe 
position, S-scan display, and defect location in the part. 
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Figure 6-37 Example of data comparison between PAUT and metallography for crack sizing in 
the blade roots. PAUT found L x h = 17 mm x 2.5 mm; metallography: 
L xh=20.5 mm x 3.0 mm. 


Figure 6-38 Example of data plotting on the convex side of the blade root. Crack height 
measured by PAUT was 8.4 mm. Crack height confirmed by fracture mechanics was 15.1 mm. 
The undersizing by PAUT was due to geometric constraints of the blade wing. 
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Figure 6-39 Data plotting onto 3-D part of a rotor-steeple component for hook 3 and hook 5. 


Figure 6-40 Example of OmniScan® data plotting for skewed side technique on rotor-steeple 
hook 5 (concave side). 


The relationship between PAUT data, finite element stress analysis (FESA), 
and defect confirmation and location in the blade is presented in Figure 6-41. 
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Figure 6-41 Correlation between FESA (top-left), PAUT data (right), and crack location and 
orientation (bottom-left) in the blade. PAUT found crack height = 8.2 mm; destructive 
examination found crack height = 8.5 mm. 


The PAUT performance for crack-height sizing for low-pressure components 
is presented in Figure 6-42. 


PAUT crack height [mm] 
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Crack true depth [mm] 


Figure 6-42 PAUT sizing performance for cracks with height range from 1.5 mm to 28 mm. 
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Sizing is very dependent on the component configuration and crack location. 
Small cracks with height h<1.5 mm are difficult to size for the following 
reasons: 


Surface roughness is about 0.5 mm in these components. 


Tip resolution requires high-frequency probes; for a rough surface, the 
noise increases and SNR decreases. 


Probe position, specifically on the blade wing and platform, cannot be 
optimized due to wing geometry. 


The locking strip (if present) can affect the beam. 
Cracks are not straight, but skewed (see Figure 6-43). 


Overall, there is an undersizing trend, with a predictable accuracy for the 20 
interval of about +2 mm. 


Figure 6-43 Example of aligned small cracks on a blade root. 


The PAUT accuracy for crack length is presented in Figure 6-44. 
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Figure 6-44 PAUT accuracy for crack-length sizing. 
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PAUT applied on low-pressure turbine components is now integrated into 
the duty-cycle management for a safe and reliable inspection. More specific 
aspects for advanced applications will be detailed in chapter 7. 


6.6 EPRI Performance Demonstration of PAUT on Safe Ends ISI 
Dissimilar Metal Welds 


The information found in this section was provided by the Electric Power Research 
Institute (EPRI), USA. 


The examination of dissimilar metal welds in the nozzle-to-safe end joints of 
nuclear power plants is challenging due to the anisotropic nature of the 
austenitic weld metal and the complexity of joint configurations. This section 
presents the EPRI PAUT approach for performance demonstration on safe- 
ends dissimilar metal welds (DMW). 


6.6.1 | Automated Phased Array UT for Dissimilar Metal Welds 


Dissimilar metal welds are used to join the low alloy-carbon steel for reactor- 
pressure vessel to the 304 or 316 stainless-steel main recirculation, or reactor- 
coolant piping. The safe end is used to provide an attachment area of the 
same or similar metal as the piping. The welding process requires deposition 
of stainless steel, Inconel® 82, or Inconel 182 weld butter to the face of the 
nozzle weld-preparation end. Austenitic stainless steel or Inconel weld metal 
is then used to join the austenitic safe end to the buttered nozzle. 


EPRI has performed an evaluation of the effectiveness of longitudinal-wave 
phased array techniques for dissimilar metal-piping welds using combined 
linear and S-scans.!92 This report documents the development and 
demonstration of a practical phased array line/S-scan ultrasonic-examination 
(UT) procedure. 


All the results described the report were obtained using dual, pitch-catch, 
1.5 MHz, 3x 10-element phased arrays with an aperture of 15 x 30mm 
mounted on longitudinal wave wedges. 


6.6.2 Dissimilar Metal-Weld Mock-ups 


The PDI (Performance Demonstration Initiative) is a program set up between 
USA nuclear utilities, the regulator (Nuclear Regulatory Commission—NRC). 
It is coordinated by EPRI to assess the performance of equipment, 
procedures, and human factor for in-service inspection (ISI) on nuclear 


PAUT Reliability and Its Contribution to Engineering Critical Assessment 259 


components (primarily circuit welds, steam generator tubes, and reactor 
vessels). The program is in the process of designing the samples necessary to 
perform dissimilar metal-weld examination qualifications. In anticipation of 
this demonstration requirement, EPRI has designed and procured a set of 
dissimilar metal-weld samples to aid in developing examination procedures. 
Because almost every dissimilar metal weld is unique, it is not feasible to 
fabricate a mock-up for each weld joint in the industry. The decision was 
made to fabricate a representative mock-up of weld configurations. The 
mock-up includes a range of plants, components, pipe diameters, pipe 
thicknesses, weld geometries, and safe-end, butter, and weld materials. 


A subset of the EPRI dissimilar metal-weld samples was examined with the 
phased array probe in order to develop the procedure. The majority of the 
welds examined were in 305 mm diameter pipes. A sampling of smaller and 
larger diameter pipes was examined to verify that the procedure developed 
on the 305 mm diameter pipes was applicable to other diameters. 


6.6.3 Examination for Circumferential Flaws 


Inspection with phased array of circumferential flaws includes probe designs 
and scanning patterns. 


6.6.3.1 Probe 


Two 3x 10-element, 1.5 MHz arrays were mounted on dual, side-by-side 
wedges contoured to the pipe curvature. 


6.6.3.2 Electronic-Scan Pattern 


The system was programmed to generate S-scans of 30° to 70° beam angles, in 
0.5° increments (the angular increment is small for this application in order to 
achieve accurate depth sizing). The 3-element axis of the arrays was used to 
electronically adjust the roof angle of the probe; thus, only one wedge was 
necessary to address all thicknesses for each pipe diameter. 


6.6.3.3 Mechanical-Scan Pattern 


The position and number of phased array linear scans performed to examine 
a weld is a function of the amount of coverage desired and range of angles in 
the S-scan. Figure 6-45 shows the required examination volume (rectangle 
A-B-C-D) for a dissimilar metal weld. 
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Figure 6-45 Required examination volume for a dissimilar metal weld. 


Linear scans (also called one-line scans) are performed starting with the probe 
12.7 mm from the end of the weld and/or butter interface (see Figure 6-46), 
and then increments away from the weld in regular intervals. The last linear 
scan is performed sufficiently away from the weld, such that the 45° beam 
strikes the opposite surface at the edge of the examination volume, as with 
points A or D in Figure 6-46. The number and spacing (index resolution) of 
the other scan lines are such that the “coverage-hole height” is less than 25 % 
through-wall (that is to say that only flaws greater than 75 % through-wall 
have the possibility of not being sized accurately [see Figure 6-46]). This 
spacing, combined with the 30° to 70° probe angle range, provides enough 
overlap between S-scans that defect responses usually appear in two or three 
S-scans, providing redundant detection and sizing capability. 


12.7) Index Resolution 
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Coverage Hole Height} 


Exam Volume — 
j~-—— Index Length————+ 


Figure 6-46 Number and spacing of scan lines for examination coverage (A-B-C-D) and depth 
sizing for circumferential flaws. 
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6.6.4 Experimental Results on Depth and Length Sizing of 
Circumferential Flaws 


The technique provided excellent depth and length sizing of circumferential 
flaws in the dissimilar metal-weld samples. Figure 6-47 shows a plot of the 
measured flaw depth versus true flaw depth. The measured flaw depth is 
from the safe-end side scan. 


Circumferential Flaws - Depth Sizing 
Safe End Scans 
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Mean Error = -0.019 inches 
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Figure 6-47 Depth sizing of circumferential flaws. 


Figure 6-48 shows a plot of the measured flaw length versus true flaw length. 
The measured flaw length is from the safe-end side scan. 
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Circumferential Flaws - Length Sizing 
Safe End Scans 
RMS Error = 0.350 inches 
Mean Error = -0.115 inches 
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Figure 6-48 Length sizing of circumferential flaws. 


There is no difference in the flaw sizing results between the nozzle and safe- 
ends side scans for the circumferential flaws (see Table 6-9). The root-mean- 
squared (RMS) error in the depth sizing of the circumferential flaws from the 
nozzle side is 2.16 mm and from the safe-end side it is also 2.16 mm. The RMS 
error in the length sizing of the circumferential flaws from the nozzle side is 
11.6 mm and from the safe-end side it is 8.89 mm. 


Table 6-9 Sizing accuracy for circumferential flaws. 
Depth sizing Length sizing 
Probe 
position 


RMS error Mean error RMS error Mean error 
[mm] [mm] [mm] [mm] 


2.159 -0.305 11.811 -3.835 
2.184 -0.483 8.890 —2.921 
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6.6.5 Examination for Axial Flaws 


Examination for axial flaws includes technical issues pertaining to probes and 
scanning patterns. 


6.6.5.1 Probe 


The same 3 x 10-element, 1.5 MHz arrays were used. They were mounted on 
dual, side-by-side wedges contoured to the curvature of the pipe. The wedges 
were cut to produce a 50° longitudinal wave beam. 


6.6.5.2 Mechanical-Scan Pattern 


The probe was scanned in the circumferential direction with an axial 
increment of about 25.4 mm. 


6.6.5.3 Electronic-Scan Pattern 


The 10-element (or axial) direction of the arrays was used to generate nine 
different beam angles, incident on the inside surface at angles between 30° 
and 89°. The 3-element (or elevation) direction of the arrays was used to skew 
the beams laterally by 12.7 mm to either side, providing a 25.4 mm band of 
coverage on the inside surface. 


6.6.6 | Experimental Results on Depth and Length Sizing of Axial 
Flaws 


The technique provided excellent depth- and length-sizing capability for axial 
flaws in the 305 mm DMW samples. 


Figure 6-49 shows a plot of the measured flaw depth versus true flaw depth. 
The reported depth for each axial flaw is the maximum of the individual 
depth measurements made using the positive and the negative scans. (Note: 
this depth-sizing performance is remarkable considering that no 
compensation was made for the curved pipe surfaces.) 
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Axial Flaws - Depth Sizing 
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Figure 6-49 Depth sizing of axial flaws. 


Figure 6-50 shows a plot of the measured-flaw length versus true-flaw length. 
The reported length for each axial flaw is the maximum of the individual- 
length measurements made using the positive and the negative scans. 
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Figure 6-50 Length sizing of axial flaws. 
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6.6.7. Summary 


Ultrasonic examination has been evolving into specialized technology in 
order to perform high-quality examinations in reduced time. The use of 
ultrasonic arrays that can be phased to create different refracted angles or 
focal distances, rather than using multiple transducers, is one example of 
advanced NDE technology. 


The cost and reliability of piping examinations can be improved by the 
application of phased array technology. Improving NDE techniques’ flaw 
detectability, sizing accuracy, and speed of application can reduce costs in 
many ways: 


¢ Lower qualification costs (higher pass rates) 

e Lower radiation exposure to personnel (faster inspection, fewer re-scans) 
¢ Lower labor costs (faster inspection, fewer re-scans) 

e Fewer repairs (fewer false calls, more accurate flaw sizing) 

¢ Smaller inspection samples (in conjunction with RI/ISI) 

e Easier regulatory acceptance of inspection alternatives 


Commercialization will be accomplished by coordinating the phased array 
technique development with one or more vendors, so that when the 
technique is ready, the vendor(s) will be ready to deliver it. This approach has 
already worked well for other phased array applications. As more vendors 
are now developing phased array capabilities, the commercialization task is 
becoming easier. 


6.7 Pipeline AUT Depth Sizing Based on Discrimination Zones 


Pipeline automated ultrasonic testing (AUT) is a unique application. As 
generally practiced, it is different from other pipe and vessel inspections. The 
practice is highly regulated, as with other construction weld inspections. An 
excellent and encompassing reference on pipeline AUT can be found in 
reference 103. Details on the Olympus NDT PipeWIZARD system are 
available in reference 104. 


The pipeline world has some unique features that require different 
approaches from conventional scanning: 


1. Inspection speed: pipelines typically require one hundred or so large- 
diameter pipes to be inspected in a day. This is a much higher inspection 
rate than most other applications. 
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2. Analysis time: pipeline-inspection data must be analyzed in near-real 
time since pipes are often buried or submerged immediately after 
inspection. 


3. Environmental conditions: pipelines are built and inspected in a wide 
variety of conditions—deserts, jungles, low temperatures, sandstorms, 
snowstorms, rainstorms, etc. 


4. There is a large variety of pipeline welds, diameters, wall thicknesses, and 
other parameters, which make setups a challenge. 


5. As with all construction welds, there is a large variety of flaws and flaw 
types possible; the standard pipeline arc welds are prone to lack of fusion. 
Lack of fusion typically lies along the weld bevel. 


A unique approach was developed based on “zone discrimination,” or 
tailored weld inspections. This is described in section 6.7.1. 


6.7.1 Zone Discrimination 


Advanced pipeline weld inspections use zone discrimination. Zone 
discrimination uses a significantly different concept from the normal fixed- 
angle raster scans used in general inspections, for example, those using the 
ASME code.!9% Pipeline AUT has been addressed by a number of codes, with 
ASTM E-1961!0 and DNV OS F101!97 being the prime zone-discrimination 
codes where the engineering requirements are defined. Other pipeline AUT 


codes include API 1104 19th Ed.1°, CSA 26621, and ISO 13847", but these 
are more general. 


The basic principles of zone discrimination are: 


e The weld is divided into several zones. 
e ach zone covers approximately 2-3 mm of weld wall thickness. 


¢ UT beams are focused to approximately a 2 mm spot size, and angled for 
lack of fusion for each zone. 


e The angles are optimized to detect lack of fusion defects along the weld 
bevel, which requires tandem probes for more vertical bevels. 


¢ Both sides of the weld center line are inspected independently. 
e The weld is scanned using a linear scan around the weld. 


The concept is shown in Figure 6-51 for a thin-wall pipeline. 
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Figure 6-51 Schematic showing weld divided into zones (left) and inspection concept using 
phased arrays (right). 


One side effect of the pipeline AUT was the development of a series of new 
features and techniques: 


37.8" 


e Zonal calibration block 
¢ Output display 
e Flaw sizing for ECA 


6.7.2 


Zone discrimination calibration blocks use a series of flat-bottom holes, each 
representing a single zone and angled to represent lack of fusion along the 
weld line. Figure 6-52 shows a typical ASTM E-1961 calibration block. 19% 
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Figure 6-52 Typical ASTM pipeline AUT calibration block, with one reflector for each zone. 
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Typically, the flat-bottom holes are electro-discharge machined into the block, 
which makes pipeline AUT calibration blocks both expensive and slow to 
manufacture. Figure 6-53 shows two typical flat-bottom holes! for the Hot 
Pass and Fill targets. ASTM E-1961 specifies the engineering tolerances on the 
calibration reflectors. 
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Figure 6-53 Sample flat-bottom holes for pipeline AUT calibration. Left: Hot-Pass reflectors; 
right: Fill-zone reflectors. 


Normally, each zone reflector signal is set at 80 % full-screen height (FSH). 
Recording threshold is usually set at 40 % FSH. Any signal above threshold 
causes a change of color in the time-of-flight (TOF) signal on the output 
display, so that the operator’s eye is immediately drawn to the flaw. With the 
data continually scrolling on the screen in real time, the operator can often 
accept or reject the weld as soon as the scan is finished. 


The display also has a circumferential marker chart, so that quick estimates of 
flaw length can be obtained during scanning. More accurate estimates can be 
made later when the scan is complete, and the flaws are “marked” to the table 
of recordable defects. 


Scanning speed and PRF must be controlled so that each calibration reflector 
is “hit” three times during calibration. Scanning speed is typically 100 mm/s, 
which means a 1220 mm weld is inspected in around one minute. 


6.7.3 Output Displays 


Output displays use a multiple strip chart approach, as shown in Figure 6-54 
for a calibration scan. Each strip gives an output from one zone; several 
volumetric displays (such as B-scans) are used for the root and cap for 
porosity detection; a time-of-flight diffraction (TOFD) scan is usually added; a 
circumferential marker and a coupling check display are required. A 
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complete scan is shown in Figure 6-55. 


The number of zones or strip charts will depend on the wall thickness and 
spacing. The initial concept was to approximately match the weld-pass 
thickness with the ultrasonic zone size, ~2 mm. Thus a 12mm wall for an 
onshore gas pipeline might have six zones each of 2mm, or five zones of 
2.4 mm, etc. 


When originally developed some decades ago, only conventional multiprobe 
systems were available, and these were an advanced technology at the time. 
Pipeline multiprobe systems are typically limited to twenty-four channels 
maximum due to weight and available space. For thicker offshore pipelines 
up to 30mm or more, each zone in practice has to be more than 2mm. 
Conveniently, phased array systems like PipeWIZARD®!% can run many 
more than twenty-four channels; therefore, small zone sizes can still be 
achieved. 


The zone-discrimination strip charts contain two sets of data: the signal 
amplitude in the gate (the analogue trace), and the time-of-flight of the 
reflector in the gate (the colored bar). The gate is set to cover the weld zone 
only, normally starting 3 mm before the weld bevel and continuing for 1 mm 
past the weld centerline. This minimizes the data collected, while collecting 
enough information to detect all typical flaws, and for the operator to make 
accept/reject decisions. 
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Figure 6-54 Sample calibration scan showing signal reflections from each calibration reflector. 
Note the overtrace from adjacent reflectors due to ultrasonic-beam spread. 
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Figure 6-55 Typical pipeline AUT output display, showing flaws (boxed in red); five zones, 
TOFD channel, two volumetric scan per side, couplant display (right, in green), and 
circumferential marker (left). 


6.7.4 — Flaw Sizing 


For determining the severity of a flaw, the key parameter is flaw vertical 
extent. Ultrasonics has the potential for measuring flaw depth, unlike 
radiography, and this ability is taken advantage of in ECA (engineering 
critical assessment). 


Standard depth-sizing methods include amplitude drop (6dB or 20 dB), 
amplitude ratios, and diffraction techniques like TOFD (time-of-flight 
diffraction) and back diffraction. The practicalities of zone discrimination and 
linear scanning dictate that amplitude drop techniques are not possible. 
TOFD is frequently used, but many of the flaws are below the sizing limit of 
TOFD (usually ~3mm high), or fall in the near-surface dead zones.!!! 
However, TOFD data can be very useful as a confirmation tool. 


6.7.4.1 Simple-Zone Sizing 


For speed and convenience, pipeline AUT has developed a unique method of 
sizing, also based on zones. In essence, when above-threshold signals are 
observed, the operator assigns the entire zone height to the flaw over the 
whole zone. If the zone is 2mm high, and 100 mm flaw length, then the 
operator has a flaw sizing of 2mm high and 100 mm long. 


Simple zone sizing permits the operator to make rapid decisions—both 
height and length—at the cost of reduced accuracy. In its most simplistic 
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form, the operator simply counts the number of zones. This offers a very 
quick, real-time method of sizing flaws. 


For ECA approaches, a precalculated table of rejected defects is supplied, 
based on material toughness, pipe dimensions, and expected duty cycle. A 
typical table presents rejected-defect length as a function of height, which is 
then calculated as zones.!° Then the operator simply has to compare the 
measured flaw size with the accept/reject table. With workmanship criteria, 
the approach is even simpler. Problems can occur with multiple flaws, which 
should be assessed using the usual interaction rules. 


This simple technique is not particularly accurate. Generally, simple zone 
sizing oversizes flaws, sometimes significantly. For example, if a flaw 
straddles two zones, and is 41 % (above threshold) on both, then it is sized as 
two-zones deep. In practice the flaw could be quite small, probably less than 
2mm in height, while it is measured at 4mm for 2 mm zones, or sometimes 
even more. 


6.7.4.2 Amplitude-Corrected Zone Sizing 


Amplitude-corrected zone sizing is similar to simple-zone sizing, but takes 
into account the amplitudes of the signals in the zones. This approach is 
slightly more realistic, but naturally takes a bit longer. For example, if a flaw 
shows as 50% on two adjacent zones, then the zone-corrected-sizing 
approach assumes that the flaw straddles the zones, but is half a zone height 
in each. Then the flaw height would be estimated as 2 x 2 mm x 50 % =2 mm 
for 2 mm zones. 


This is probably more realistic, but other modifications are also possible. 


6.7.4.3 Amplitude-Corrected Zone Sizing with Overtrace Allowance 


Overtrace is a necessary parameter for the zone-sizing technique. Figure 6-55 
shows that each beam has an overtrace. The signals can also be seen on 
adjacent channels. This is expected since ultrasonic beams—even focused 
beams—have a finite width. This overtrace is put to use in code 
ASTM E-1961!0 by requiring upper and lower overtrace amplitudes 
designed to control beam focusing. 


A more advanced approach is to compensate for both the amplitude in the 
zone and for the overtrace as follows. If the flaw signal in zone 1 is 100 %, 
then the assignment is 100% of the zone, or 2mm, for example. If the 
overtrace in the adjacent zone is 25 %, and the flaw signal is 35 %, then 25 % is 
subtracted from the 35 % (giving 10 %) in the adjacent zone. The flaw height 
is then calculated as 100 % of the first zone and 10 % of the adjacent zone, or 
2.2 mm for 2 mm zones. 
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There are other zone approaches, but they all suffer from the inherent 
limitations of amplitude sizing such as: flaw position, flaw orientation, flaw 
roughness, flaw curvature, flaw length effects, beam profile at the location, 
statistics of pulsing, etc. Overall, there are significant physical limitations to 
the accuracy obtainable with the zone-sizing approaches. 


6.7.4.4 Amplitude Zone Sizing with TOFD 


TOFD is normally included with pipeline AUT scanning, whether it is 
specified or not. TOFD is used primarily in the detection stage to confirm that 
flaws detected in pulse-echo exist, and are not geometrical reflectors. In the 
sizing stage, TOFD again is very useful to confirm flaw sizing estimates from 
amplitude zone sizing. 


In sizing evaluations, flaw sizing accuracies are compared with 
metallographic sizing, and the accuracy estimated as mean error and 
standard deviation. The key role of TOFD in pipeline AUT flaw sizing is to 
improve the accuracy. The flaw-sizing accuracy is affected by factors such as 
beam spread, misorientation, or curvature affect. In practice, small flaw sizes 
can be easily overestimated by several millimeters. This can have a very 
deleterious impact on the results. 


TOFD in pipeline AUT cannot size flaws less than ~3 mm in practice due to 


probe ringing and frequency.!!! Therefore, TOFD is useful to determine if 
flaws are greater than or less than 3 mm. 


TOFD is also limited by the location of the flaws; flaws in the OD or ID dead 
zones might be not detected at all. 


The thickness of the onshore pipelines can be as thin as 10 mm. With zones of 
only 2 mm, sizing errors can be a significant. Defect interaction rules apply to 
pipeline sizing; if the flaws are significantly oversized, then the operator 
might call an unnecessary reject. This will result in increased costs and delays, 
plus negative feelings towards the AUT operators and AUT. 


6.7.4.5 In Practice, How Does Pipeline AUT Sizing Work? 


The brief answer is that the mean sizing error is around zero. That is to say 
that on average most operators get most flaws correct. 


The bad news arises from sizing accuracy, usually quoted as the standard 
deviation of sizing. Most pipeline AUT systems and operators can reliably 
size to a standard deviation of +1 mm to 1.5 mm in trials; however, few have 
managed to size to less than +1 mm. Published results have been assembled 
in reference 112. One operator who sized to a standard deviation of +0.6 mm 
used the Amplitude Zone Sizing with the TOFD approach as described in 
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section 6.7.4.4. The key procedural advantage was that the TOFD acted as a 
filter to ensure that gross oversizing did not occur. 


This analysis is known as probability of sizing (POS). 


Figure 6-56 shows sample pipeline AUT-sizing results, with some significant 
oversizing visible. Note that undersizing is minimal, but some defects were 
oversized by several millimeters.!!9 These outliers are very deleterious on the 
standard deviation. 


Defect height UT [ mm } 


Actual defect height [ mm} 


Figure 6-56 Sizing data example.148 


Unfortunately, the POS results in reference 112 are not all comparable. 
Different procedures, different pipe diameters and wall thicknesses, different 
sectioning techniques, different assessment techniques, etc., all limit the 
comparisons. There is no standard procedure for developing POS data for 
pipelines. 


In comparison with other ultrasonic-sizing techniques, a standard deviation 
of +1mm is actually quite good, especially for operators inspecting one 
hundred large-diameter pipes in a single shift. The ASME RMS sizing- 
accuracy requirement, for example, is +3.2mm.!!! The improved sizing 
accuracy in pipelines comes from using focused beams, and perhaps from 
tailored inspections. 


Note that the limitations here are due to physics, not technology. 
Comparisons between conventional and phased array AUT have shown 
negligible differences when both used the same procedure.!!4 Where phased 
arrays have potential advantages is in the application of other approaches, for 
example back diffraction, or multiple beams at multiple angles. 


Figure 6-57 shows a back-diffraction image with the corner reflector and tip- 
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back diffracted signals present.!!5 This approach offers better sizing 
opportunities, and is well adapted to phased arrays since no mechanical 
scanning is required to collect the image. However, it is not clear if slower 
techniques such as tip-back diffraction are applicable to general pipeline AUT 
operations, though they might have applications for specialty pipes like 
offshore tendons and risers. 
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Figure 6-57 Left: back diffraction image with the corner reflector and tip-back diffracted signals 
labeled. Right: multiangle scan showing the tip-back-diffraction concept. 


6.7.5 Probability of Detection (POD) 


Defect detection depends on a wide variety of factors; some are controllable 
like equipment and procedures, while many are random, such as: defect size, 
shape, orientation, roughness, curvature, reflectivity, location in the beam, 
statistical pulsing of the equipment, position of the welding band for 
scanning, etc. Thus, probability of detection (POD) is a random phenomenon, 
and is best treated statistically.!° 


Initial POD studies used a binomial approach, that is to say, defects were 
either detected or not. More sophisticated approaches!!° include the signal 
amplitudes; in effect, the higher the signal, the more “detected” the defect is. 
These latter approaches tend to give better POD results. 


When evaluated, the traditional method of defining POD is the 90/95 point. 
This specifically refers to the defect that has a 90 % chance of being detected, 
95 % of the time. In practice, this is a conservative method of defining 
detection capability. 


In general, POD studies are expensive and time-consuming, therefore not 
performed frequently. In addition, POD studies are specific to: 


e Equipment 
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¢ Procedures 
e Types of defects involved (implanted or natural, including the welding 
process) 


e Operators 


Consequently, few major POD studies have been performed in pipelines. 


However, pipeline trials are performed frequently, often based on specially 
prepared or well-characterized development welds. The results from these 
can be very revealing. Figure 6-58 shows some results from a thick-wall 
offshore trial, comparing AUT with radiography and manual ultrasonic 
testing. This trial had approximately 250 recordable flaws in the welds, 
though only three would have been rejected under workmanship criteria 
(excluding interaction effects). All the remaining defects were considered 
“small.” 


POD comparison for five qualification welds 


% POD 


HAUT 
RT 
OOMUT 


a 

|_| 

ca 

| NDT Method 
‘ 

5 


Weld number 


Figure 6-58 POD comparison between phased array AUT, radiography, and manual ultrasonic 
testing on thick-section welds. 


AUT POD significantly outperformed radiography and manual UT. The 
radiography results were unimpressive (as expected from previous 
studies!!7), since angled planar defects are not well suited to detection by RT. 
The manual ultrasonic results show POD significantly below that of the AUT 
for two reasons. First, the AUT uses focused beams, which give significantly 
stronger signals than unfocused manual beams, and second, the AUT uses 
tailored beam angles (see Figure 6-51), which are much better oriented for 
near-vertical defects. 
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An alternative method of displaying these POD results is shown in Figure 
6-59. Here, the weld is mapped for each flaw with its length and height. The 
significantly superior AUT mapping is clear; both the radiography and 
manual ultrasonic agglomerate defects significantly. 
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Figure 6-59 Flaw maps of POD study. Top: AUT; middle: radiography; bottom: manual 
ultrasonic testing. 


As can be seen in Figure 6-60, most of these flaws are small, planar, and 
acceptable. 


Figure 6-60 Metallograph of small weld defects in a fusion zone. 


In this trial, generating a traditional POD curve was essentially meaningless, 
since so few data points exist at the larger end of the defect scale. 


On a 30 mm wall, all defects greater than 1 mm or 3 % were detected by AUT. 
In general, defect detection in pipeline AUT is not a major issue, provided 
that suitable procedures and techniques are used, and field controls applied. 
Normally, extensive auditing is performed on-site to ensure quality. In 
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practice, the AUT calibration and output displays are usually sufficient for an 
experienced auditor to determine if the procedures are being followed or not. 


6.8 POD of Embedded Defects for PAUT on Aerospace Turbine- 
Engine Components 


This section was submitted courtesy of Victoria Kramb, University of Dayton 
Research Institute, USA. It details the development of probability of detection 
(POD) within aeronautics, requirements for POD analysis for titanium billets 
and forging, inspection reliability parameters, and the design and fabrication 
of POD and non-POD defects. Phased array ultrasonic results on these 
specimens are detailed, and POD curves are developed based on signal-to- 
noise ratios of the C-scan images. 


6.8.1 | Development of POD within Aeronautics 


Ultrasonic inspections for the detection of embedded defects have been used 
extensively throughout the aerospace industry for structures, preproduction, 
and serviced engine components, as well as material-processing quality 
control.!18119 Safety regulations require that inspections of critical 
components, such as turbine engine blades and discs, satisfy reliability 
requirements as set by the governing aerospace organization. Application of 
life-management philosophies such as the USAF’s damage-tolerance design 
requires a quantitative measurement of the efficacy of nondestructive 
inspection systems. !20 


Safety considerations for these inspections shift the detection emphasis from 
defining the smallest defect that can be detected, to determining statistically 
the size of the largest flaw that might be missed by the system. Knowing the 
largest flaw present in a new component allows damage progression 
calculations (such as fatigue crack growth) to be used to predict the safe life of 
the component. 


For the damage-tolerance philosophy to be successful, the defect detection 
capability of the NDI systems must be measurable. A properly designed and 
executed POD test can be used to quantitatively assess the detection 
capability of the inspection system. The development of statistically sound 
POD techniques for NDI systems has been an important part of the USAF’s 
application of damage-tolerance design. Guidelines for conducting reliability 
testing on inspection systems used for US Air Force turbine engine 
components can be found in MIL-HDBK 1823, “Nondestructive Evaluation 
System, Reliability Assessment.” 12! 
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Detection reliability for an inspection system or procedure is often defined in 
terms of a POD relationship. This POD relationship not only provides a 
measure of detection capability, but also provides a quantitative way to 
compare the NDE capability of two inspection systems. A properly designed 
POD test will provide a measure of the uncertainty caused by variability in 
the inspection system and defect parameters under a given set of test 
conditions. Since the POD test is inherently a measure of sensitivity and 
variability, a confidence bound must also be provided in addition to the POD 
flaw-size relationship. The confidence bound provides a measure of 
variability in the POD curve itself by placing bounds on the range of expected 
probabilities of detecting a given flaw size for subsequent tests.!27-128 


Since 1981, the POD measurement techniques for NDI systems have been 
maturing primarily through the development of two main areas: application 
of appropriate statistical methods, and the generation of appropriate test 
specimens. Many papers (for instance Berens and Hovey), dealing with the 
statistical methods applied during USAF POD testing, are readily found in 
the NDT literature.122-125 


During this time period, several groups published descriptions of the 
protocol that must be followed for an NDI system to produce statistically 
significant POD data. In 1985, Sturges et al.!2? summarized the “basic 
requirements” for POD analysis in a paper describing POD application to 
ultrasonic test systems. A list of basic requirements, similar to the list 
generated by Sturges et al., is shown in Table 6-10. 


Table 6-10 Requirements for POD analysis. 


Definition of the defect’s primary characteristic (crack length or void diameter) 
Availability of all relevant defect properties 
Description of the test object’s material 


Availability of an independent measurement of the defect’s primary characteristic 
A statistically significant number of inspection opportunities 
| 6 |Definition of the inspection system 


In the case of embedded defects for aerospace materials, there are a large 
number of variables that can influence the ultrasonic response. However, the 
defect and specimen parameters can usually be constrained to those that are 
most influential to provide a quantitative relationship between system output 
and defect size. In this case, the POD test results can be represented as a plot 
of apparent defect size as a function of known defect size.!2! 


For inspection systems, which are highly dependent on human operators for 
calibration, alignment, and defect evaluation, a precise description of the 
inspection condition might also be difficult to define. Variability in system 
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response can be greatly reduced through automation of the inspection 
process, thus reducing the number of factors, which must be defined for the 
POD test. 


6.8.2 Inspection Needs for Aerospace Engine Materials 


Ultrasonic inspections are conducted on aerospace engine materials during 
several stages in the production of a component. New component inspections 
are directed toward detection of processing defects such as voids or 
inclusions. Billets and forgings present particularly challenging inspection 
requirements since high sensitivity and large depth of inspection are often 
required within an ultrasonically noisy material. Processing defects can 
exhibit a variety of characteristics, such as volume fraction of chemical 
impurity, or physical size, which could result in a measurable change in 
reflected amplitude. 


The variation in reflected amplitude can be correlated with the relevant defect 
characteristic, and used as the basis for developing the inspection 
requirements. !!9,130 However, the ultrasonic response is often the summation 
of interactions between several different factors, resulting in a complicated 
relationship between amplitude and the defect characteristic of interest.!5! 


The use of phased array ultrasonics provides an opportunity to optimize the 
inspection sensitivity and resolution for each inspection through electronic 
beam steering, scanning, and focusing processes. However, direct 
implementation of phased array transducers into existing inspection 
procedures (originally developed for conventional, single-element 
transducers) is not straightforward, and the implications for POD analysis are 
not yet defined. 


Specifications for conventional probe acceptance and qualification are not 
applicable to multidimensional array probes and must be rewritten 
accordingly. Similarly, routine surface-focusing procedures commonly used 
with single-element probes are inappropriate for array transducers. The 
focusing and steering conditions used in an inspection can be optimized for 
the specific component geometry and inspection requirements using many 
possible probe configurations, but whether or not each of these 
configurations must be treated as an independent factor in the POD analysis 
is subject to debate. 


6.8.3 Determining Inspection Reliability 


Based on the requirements listed in Table 6-10, the first step in performing a 
POD study is to define the parameters of the test. A definition of the 
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inspection variables, as well as the specimen and defect variables are then 
used to determine which factors are or are not controlled during an 
inspection, and which factors should be varied during the POD testing. 


This first step in defining the variables is critical to the success of a POD test. 
If too many variables are selected for control, the test matrix becomes large 
and the test becomes expensive. If the variables are not defined, and careful 
variable control ignored, the test produces results that are difficult or 
impossible to decipher. Enlisting the aid of a statistician, experienced in the 
design of experiments, is highly recommended. A properly designed test 
matrix results in an experiment that produces the most information possible, 
for the lowest cost. A poorly designed experiment will produce data that 
confounds the main effects and the interactions, resulting in data that 
provides confusing, or worse, incorrect POD results. 


Inspection Approach 


Production aerospace materials, such as billets and forgings, are inspected 
primarily using longitudinal beams in an immersion tank. In order to insure 
full coverage of a sonic shape, refracted longitudinal waves are used to follow 
the edges of a machined surface. Refracted longitudinal beams may also be 
used to improve sensitivity to irregularly shaped defects. Serviced engine 
components can be inspected using longitudinal or shear waves, directed 
circumferentially or axially along the part. 


Shear beams may be used to enhance sensitivity to planar near-surface 
defects, which might be oriented perpendicular to the surface. Reject criteria 
for these inspections can be based on a single threshold excursion, signal-to- 
noise ratio, or a comparison between the amplitudes reflected in multiple 
directions from the same location within the part. 


The use of multiple inspection modes and look angles to interrogate engine 
components increases coverage and sensitivity of the inspection to a variety 
of defect characteristics. However, the determination of inspection reliability 
should also include all methods used within the inspection to determine 
efficiency of the approach. 


Based on the above inspection processes, a list of the variables affecting 
inspection reliability includes: probes, probe positioning and calibration, 
environmental conditions, operator, specimen tolerances, part surface 
condition, and defect variability. 


Because the operator performing the test can greatly influence many of the 
variables in systems that are not fully automated, POD testing usually 
requires that multiple operators perform the same inspection. 
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Under the Turbine Engine Sustainment Initiative (TESI), the University of 
Dayton Research Institute (UDRI) conducted a study to examine the effects of 
probe alignment (normalization) and water path on calibration sensitivity for 
both conventional and phased array transducers. !92 


This study compared two phased array instrument designs to a conventional- 
probe setup using machined targets and natural flaws. The sensitivity results 
showed that overall, the phased array instruments behaved in the same way 
as conventional systems. These results provide validation for the use of many 
of the routine calibration processes and reliability tests that are presently used 


for conventional probes. !93 


Following the requirements listed in Table 6-10, the ideal POD specimen 
should contain a large number of inspection opportunities from targets 
simulating naturally occurring embedded defects. Although some 
characteristics of naturally occurring defects in aerospace materials have been 
identified (such as percent nitrogen impurity in titanium), creating specimens 
that reproduce these conditions is difficult. Under the direction of the Engine 
Titanium Consortium (ETC), specimens were created, which contained 
synthetic hard-alpha inclusions with various percentages of nitrogen.!!9 
Although the data obtained from these specimens provides useful 
information regarding the ultrasonic response to natural targets, in general, 
specimens containing natural type defects are not available for POD studies. 


6.8.4 | POD Specimen Design 


Table 6-11 shows a partial listing of the specimen/defect variables that can 
influence the ultrasonic response of embedded defects typically encountered 
in turbine-engine materials. As discussed, the most commonly used POD 
specimens contain machined flat-bottom hole (FBH) and side-drilled hole 
(SDH) defects. There are many advantages in using FBHs and SDHs as 
reference defects for determining the POD of ultrasonic-inspection systems. 


FBH specimens can usually be used in tests that satisfy requirements 1 
through 5 in Table 6-10, although creating a statistically significant number of 
FBHs (requirement 5) can require a large number of specimens. The main 
advantage in using FBHs is that the amplitude of the reflected signal can be 
analytically calculated for a wide range of FBH diameters, depth below the 
surface, and relative gain of the instrumentation. A_ straightforward 
derivation of the equations, describing the reflected signal amplitude, is given 
by Krautkramer and Krautkramer. !54 


Most often, test specimens with simple geometric shapes, simulating the 
actual component, are created and FBHs are placed at different depths. Figure 
6-61 shows an example of one such test specimen used in the aerospace 
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community to determine POD for systems that inspect engine discs and 
forgings. In these specimens (called “wedding-cake” specimens), the holes 
are drilled perpendicular to the flat surfaces. Ideally, the test specimens 
would also have FBHs positioned such that the ultrasound must pass through 
a curved surface. This general principle, of using a simplistic shape with 
appropriately placed holes, is widely used. 


Table 6-11 POD specimen variable space. 


FBH drilled from 
bottom side of specimen 


> 7 


{ t inspection surface 


Figure 6-61 Typical machined defect (“wedding cake”) specimen used to determine POD for 
ultrasonic inspections. Flat-bottom hole diameter ranges from 0.20 mm to 1.19 mm. 


Correlated data between the response from machined and natural targets is 
scarce, and thus the true probability of detecting the natural targets remains 
largely unknown. Significant improvements in the reliability of embedded- 
defect inspections would be expected if sensitivity and POD were 
characterized using targets representing the range of depths and reflectivity 
expected from the natural defects. Specimens produced with targets that are 
more representative of the actual inspection conditions could then be used to 
generate POD curves that are more directly related to the probability of 
detecting the defects of interest. 
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6.8.4.1 POD Ring Specimen 


Advances in metallography, metal processing, materials science, and 
ultrasonic NDI equipment have created the opportunity to move beyond 
embedded FBHs and SDHs in test specimens. Under the TESI program, UDRI 
developed a new embedded-defect test specimen that can be used in POD 
tests for ultrasonic inspection systems.!%° The new test specimen attempts to 
meet the requirements listed in Table 6-10 and Table 6-11 while avoiding 
many of the disadvantages of machined targets discussed above. In addition, 
the improved embedded-defect specimen satisfies the additional goals and/or 
requirements proposed by Stubbs!5 that should be met by a POD specimen 
(listed in Table 6-12). 


The approach taken by the TESI program was to develop a POD Ring test 
specimen that for the first time would satisfy all of the requirements listed in 
Table 6-12. The approach taken was to design a ring-shaped specimen, which 
contained spherical-shaped targets embedded within an engine-disc parent 
material that could be inspected from both flat and curved surfaces, in both 
longitudinal and shear modes. 


Table 6-12 TESI POD Ring specimen requirements. 


The embedded artifacts are reproducible. 
The artifacts are obtainable and affordable. 


3. |The artifacts that affect the inspection process must have identifiable and measurable 
characteristics. 


4. |Specimen(s) containing the embedded artifacts must provide a large number of inspection 
opportunities, typically greater than 100. 


5. |The specimens containing artifacts must be useful for both longitudinal and shear wave 
inspection. 


actual inspection object (engine component bore and webs in the case of the TESI 
program). 


| 7. | The artifacts must produce a wide range of responses (reflectivity). 


fel The artifacts must be capable of being placed in the specimen at different depths below the 
surface. 


| 9. | Analytical models of the ultrasound/artifact interaction must be feasible. 


ie The specimens must have the potential to be shaped into geometries representative of the 


The targets were embedded in the titanium matrix, thus providing a range of 
reflectivities. A schematic of the first full-sized-ring specimen containing a 
total of 80 targets is shown in Figure 6-62, and a list of the targets can be 
found in Table 6-13. The targets were located 25.4 mm from the top surface of 
the ring, 5 cm from the bottom, and arranged in four rings about the center of 
the part. When viewed from the bore ID, the targets were located at depths of 
6.35 mm, 25.4 mm, 50.8 mm, and 76.2 mm. 
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When inspected using longitudinal and 45° shear-wave modes, from the top, 
bottom, and inner diameter, over 700 independent measurements were 
possible from this single ring. Additional details about the development of 
the POD Ring specimen can be found in the paper by Bartos.!%° 


Table 6-13 UDRI spherical defect POD Ring specimen target distribution. 


| Ring 1 | 1 | Ring 2 | 2 | Ring3 | Ring 4 | 4 
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Figure 6-62 Schematic layout of the UDRI spherical defect POD Ring specimen: top-down 
view of target placement (left); schematic of manufacturing process (right). 


6.8.4.2 Synthetic Hard-Alpha Specimens 


Another approach to producing specimens for POD studies is to reproduce 
the specific type of embedded defect as closely as possible within the specific 
parent-matrix material of the component. This approach was used to produce 
specimens containing synthetic hard-alpha (SHA) defects within a titanium 
matrix material. These specimens were created under the direction of the 
Engine Titanium Consortium, and are currently located at the Iowa State 
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University Center for Nondestructive Evaluation (CNDE). A more detailed 
description of the SHA specimens can be found in the report by Burkel, 
eral? 


Specimens loaned to UDRI for the studies under the TESI program contained 
5.9, 2.7, and 1.6 volume-percent-nitrogen SHA targets. All specimen blocks 
contained 4 rows of SHA targets, each row corresponding to a particular SHA 
target size listed as an equivalent FBH diameter. The targets ranged in size 
from an equivalent #2-#5 FBH diameter 0.81—2.03 mm. The 5.9 %N specimen 
contained 8 identically sized targets per row, while all other specimens 
contained 16 targets per row. 


The SHA specimens were scanned with a 10 MHz linear-array transducer ina 
conventional gantry scanning system, and the peak amplitude, and 
background material-noise values compared. The results from these 
inspections were then used to demonstrate an automated method for 


determining probability of detection directly from the C-scan data.!97-188 


6.8.5 Phased Array POD Test Results 


Under the TESI program, characterization of the fully automated inspection 
system included conducting inspections on a variety of embedded defect 
specimens. Studies, which compared inspections conducted with phased 
array transducers to conventional probes, were used to determine differences, 
if any, in sensitivity. As part of the system characterization, inspections were 
conducted on the wedding cake, spherical defect specimen, and the SHA 
specimens described above. The results using the TESI system are discussed 
below. 


6.8.5.1 Description of Ultrasonic Setup 


All automated inspections were conducted using the TESI ultrasonic 
inspection system located at UDRI. The details of the TESI robotic inspection 
system are described in references 139-142. A 10 MHz linear array in an 
electronic scanning configuration was used for the inspections. An R/D Tech® 
Tomoscan III PA pulser/receiver with UDRI developed software was used to 
acquire the data. The inspection sensitivity was set using a calibration block 
containing 0.51 mm-diameter SDH targets. Gains were set to achieve an 80 % 
full-scale height reflected amplitude from SDHs located at depths between 
3.81 mm and 25.4 mm. 


Inspections on the TESI system are currently designed to simulate a 
multizone-type inspection. The current inspections used 3 focal zones with 
the depth ranges defined by channel seen in Table 6-14. The near-surface 
sensitivity for longitudinal inspections using the 10 MHz linear array is 
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typically set to 3.18mm or 1.00 us for the fully automated inspections. 
However, to allow for detection of the shallow targets in the wedding-cake 
specimen, the near-surface gate was reduced to 0.068 us. 


Table 6-14 Gate settings—longitudinal mode. 


Chanval Focus depth Gate start Gate end 
sa [mm] Time [us] / Depth [mm] Time [us] / Depth [mm] 


CL SY 


ee ee 
3 3.31 / 1.02 9.09 / 27.9 


6.8.5.2 Inspection Results: Wedding-Cake Specimen 


Inspections were conducted on the wedding-cake specimen using the 
ultrasonic setup described. A photograph of the 10 MHz linear array with 
mirror attachment, taken during an inspection, is shown in Figure 6-63. 
Defect distribution is presented in 3-D drawing of the specimens (see Figure 
6-63, b and c). 


Typical C-scans obtained from the wedding-cake inspection are shown in 
Figure 6-64. The C-scans for the shallowest depth show that the 0.81 mm and 
1.22 mm FBH indications are detected with peak amplitudes >100 % full-scale 
height (FSH). The 0.51 mm-diameter FBHs were detected in the inspection 
with an amplitude =50 %. The C-scan also shows that the peak amplitude of 
the 0.41 mm FBH is =34 %. 


Figure 6-64a shows that surface conditions result in a high background-noise 
condition at 2.03mm depth ~29%. Therefore, detection of the 0.41 mm- 
diameter FBHs at 2.03 mm depth would most likely result in many false 
positive indications using these gate settings. However, at depths of 5.59 mm 
and 23.1mm, the background-noise values were significantly lower; 
approximately 4 % FSH, with peak-noise values as high as 10 %. Therefore, at 
larger depths the 0.41 mm FBH targets would be expected to exhibit a 3:1 or 
better signal-to-noise ratio. 


A total of 13 inspections were conducted on the wedding-cake specimen, 
using three different operators and two different probes. The results obtained 
on the wedding-cake specimen are summarized in Table 6-15. Although the 
repeatability of the data is very good, there are not enough FBHs to allow a 
statistically significant POD analysis (repeat inspections of the same target do 
not count as independent inspection opportunities). In order to satisfy the 
requirements for a POD analysis, more inspection opportunities must be 
provided for each condition, such as FBH diameter and depth. This data does 
however provide a measure of inspection sensitivity. When used to determine 
inspection thresholds, or sensitivity under specific conditions, specimens 
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with multiple machined targets can be very useful. 


a) Wedding cake specimen and 
phased array probe position 


¢) Top view of wedding cake specimen 
b) Side view of wedding cake specimen with defects showing defect positions 


Figure 6-63 Photograph of PWA 1100 wedding-cake specimen showing thickness levels and 
the inspection surface: (a) photograph during inspection on the TESI inspection system; 
(b) schematic side-view cross section; (c) schematic bottom view showing defect positions 
within the part. 


Table 6-15 Wedding-cake specimen inspection results. 
All 13 inspections Individual probe results 
(both probes) 


Depth Hole Average Average Average 
— diameter] amplitude | Std.dev. | amplitude | Std. dev. | amplitude 
mm 


= 
2.03 mm 


| 0.41 mm | mm 
5.59 mm 


23.1 mm 
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Figure 6-64 C-scans of wedding-cake specimen with FBHs. Top: Level-1 targets 2.03 mm 
deep; middle: Level-2 targets 5.59 mm deep; bottom: Level-3 targets 25.4 mm deep. FBHs are 
machined at different diameters. 


6.8.5.3 Inspection Results: POD Ring Specimen with Spherical Defects 


Inspections of the POD Ring specimen were conducted from the top down 
(all defects located at a depth of 25.4 mm), and from the bore inner diameter 
to a depth of 25.4mm. Both longitudinal and shear beams were used to 
characterize the specimen. The top-down scan provided 80 inspection 
opportunities at a depth of 25.4 mm. Inspections from the top surface were 
conducted as individual C-scans, one for each ring of defects beginning with 
the smallest radius, 6.35 mm from the bore ID (see Figure 6-65). 
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10MHz array probe 


Figure 6-65 TESI system inspection of the POD Ring specimen containing spherical defects. 
Left: close-up of the ultrasonic probe positioned above the top surface of the specimen; right: 
TESI-system-database user interface showing defects displayed within the part geometry. 


The C-scans for the innermost row of defects are shown in Figure 6-66. Note 
that the vertical scale in the C-scan images has been reduced in the figure for 
clarification. A comparison of the data shows that the 45° shear inspections 
appear to be somewhat more sensitive than the longitudinal inspections. The 
average amplitudes for longitudinal mode from each type of target are listed 
in Table 6-16. The background material noise for the top-surface inspection 
varied between 8 % and 15 %, throughout the part. Extraneous indications 
attributed to the HIP process or the bond line were minimal. 
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Figure 6-66 C-scan image obtained from the top-surface inspection of the POD Ring 
specimen containing spherical defects. Ring 1, 6.35 mm from bore ID: longitudinal-waves 
inspection (top); 45°shear inspection (bottom). 
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A comparison of the amplitudes shows that the Al,O3 targets 0.5-1.0 mm in 


diameter produce a reflected amplitude very close to that of the 0.30 mm 
diameter FBH target. Similarly, the 3 mm Al,O3, 0.5 mm WC, and 3 mm SiC 


produce reflected amplitudes near that of a 0.41 mm diameter FBH. Because 
the reflected amplitude of the 0.81 mm FBH target was greater than 100 %, it 
was difficult to define an equivalent spherical target; however, all 6 mm-— 
diameter WC targets were also saturated, thus providing very high 
reflectivity targets for this study. 


Table 6-16 Spherical defect ring specimen longitudinal mode C-scan results. 
Sphere Top down Bore ID Bore ID 
material Average Std. Average Std. verge Std. 
amplitude | deviation | amplitude | deviation | amplitude | deviation 
(% FSH) | (% FSH) a FSH) Y FSH) | (% FSH) | (% FSH) 


an a 
on a 
[60mm [338 [| _NA [| 

Postmm [209 [24 [ 0 [8 

bie 
[60mm - 100 [00 | 1000 [| NA [_ 


psc [Some [27 [20 | _Nra |_| 248 | 0] 
[Sy [s0mm [72 [18 [wa [_—*d[ ea 


The data in Table 6-16 also shows that the variability in reflected amplitudes 
from the spherical targets is low. Standard deviations, on the order of 2-3 %, 
are within the typical variability of inspections on the TESI system. 


6.8.5.4 Inspection Results: Synthetic Hard-Alpha Specimens 


C-scan data acquired on the SHA specimens is shown in Figure 6-67.!49-!44 
The results for the 5.9 %N SHA specimen show that the defects were detected 
with an average peak amplitude of 100 % and 90 % for the #5 and #4 FBH- 
diameter targets, respectively. The #3 FBH-size targets are less clearly 
distinguished from the background-material noise; however, the A-scans 
show that the peak reflection from the #3 targets was characterized by a 
roughly 3:1 signal-to-noise ratio. 


The C-scans for the 2.7 %N SHA targets show that the #4 and #5 FBH, targets 
were detected with a S/N ratio greater than 3:1. However, the #2 and most of 
the #3 FBH-size targets could not be clearly distinguished from the material 
noise. The C-scan of the 1.6 %N SHA specimen shows that only the #5 FBH- 
size targets were detected with a S/N ratio greater than 3:1. 
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The inspections of the SHA specimens show the difficulty that can arise from 
conducting a POD study in the case of high-background noise. In the case of 
the SHA specimens, parent-material microstructure results in high 
background-noise amplitudes, thus decreasing the overall S/N ratio. 
Similarly, extraneous signals in any inspection can result from component 
geometry, transducer side lobes, or electronic and system noise. 


In each case, the occurrence of false-positive indications (false calls) must be 
identified within the analysis. Several methods have been proposed for 
distinguishing the defect signal from the noise.!98 For inspections of high- 
noise material, methodologies have been developed, which use image 
processing to identify a significant amount of noise that could obscure the 
detection of defects, or a lower quality material condition. 


#5 


a4 


#3 


#9 


Figure 6-67 Ti 6-4 SHA specimens schematic of 5.9 %N SHA block target: (a) target size is 
listed as a FBH-diameter number; (b) C-scans data of 5.9 % SHA block; (c) C-scan from 2.7 % 
SHA block; and (d) C-scans from 1.6 % SHA block. 


6.8.6 POD Analysis 


Processing of the raw data for a POD study should be performed without 
knowledge of the expected results to prevent any biasing of the data. 
However, some processing of raw data is often performed on-line during the 
inspection, or afterwards, to eliminate known anomalies in the data. 


The output of POD testing provides a relationship between apparent defect 
size predicted by the inspection (@) and the actual defect size (a). An example 
of an @ (@=amplitude of C-scan image) versus a (defect diameter) graph, 
generated from the 2.7 %N C-scan results seen in Figure 6-67c, is shown in 
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Figure 6-68.!5° The d@ versus a defect relationship may be reported as a 
function of the various factors considered in the POD test. 


In the case of Figure 6-68, SHA diameter is plotted as the operative variable. 
Similarly, an @ versus a plot was generated as a function of %N for this 
particular POD study. Depending on the number of factors considered in the 
experimental design and the number and range of defect sizes examined, the 
interactions between the factors affecting the inspection results can be 
extracted. The d@ versus a relationship derived from the analysis of the data 
provides the basis for the statistical analysis to determine the inspection 
system capability. 


2.7 % N a versus a (logarithmic scale) 


a-hat (C-scan amplitude in % FSH) 
fon) 
3 


S001 002 


a (SHA diameter in in.) 


Figure 6-68 An a versus a (log scale) plot for the SHA data as shown in Figure 6-67c. C-scan 
amplitudes were processed using the alternative single-pixel method described in 
reference 136. 


There are several published guidelines on the statistical methods used in the 
analysis of POD data.!*°!*5 The guideline developed for POD of inspection 
systems used by the US Air Force is the Military Handbook 1823 (MIL- 
HDBK 1823),!2! which provides the basis for much of the data collection and 
analysis ideas presented in this discussion. The actual POD analysis is usually 
handled by statisticians, because the mathematical models used to analyze 
the @ data versus the a data are independent of the inspection process. 


The POD curve from Figure 6-69 is applicable for data taken only under the 
same experimental conditions, namely: 2.7 %N SHA targets, 25.4 mm deep in 
Ti 6-4, 10 MHz linear-array transducer, normal incidence, 16-element beam 
focused at 25.4 mm depth, 0.25 mm scan resolution, and electronic scanning 
in the index direction. For embedded defect inspections of aerospace 
materials, the range of applicability must be clearly stated, since extrapolation 


PAUT Reliability and Its Contribution to Engineering Critical Assessment 293 


of the results beyond that which were tested or controlled can result in 
nonconservative inspections and a risk to aerospace safety. 


The importance of a good experimental design in the determination of POD 
cannot be understated. As stated in MIL-HDBK 1823, “The design of the NDE 
demonstration provides the foundation for the entire system evaluation. No 


amount of clever analysis can overcome a poorly designed experiment.” !2! 
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Figure 6-69 POD curve generated using the 4 versus a data seen in Figure 6-68. 


6.9 Phased Array Codes Status 


Codes are an essential requirement for many applications, especially new 
construction weld inspections. Weld inspections offer probably the largest 
single market for phased arrays, and one where the technological advantages 
over manual ultrasonics and radiography are prominent. As a result, there is 
considerable interest in codes for phased arrays. 


Most of the major code activities have been driven by Olympus NDT and 
associated companies. As industrial phased array market leader, Olympus 
NDT has an obligation to its customers to assist in code development, which 
fits in well with its philosophy of being a “solution provider,” which is much 
more than simply an equipment supplier. (Providing full “solutions” involves 
not only designing, manufacturing, and testing the equipment, but also 
providing service, support, technical backup, code advice, procedures and 
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techniques, training, and specialized requests: everything the operator needs 
to perform an inspection.) 


The dominant code in North America is ASME. While other codes might be 
used more, ASME sets the standard, and is widely used and copied elsewhere 
in the world. Thus, the prime emphasis has been on getting phased array 
codes accepted by ASME. 


6.9.1 ASME 


Like other major North-American codes, ASME Section V, Article 4 accepts 
phased arrays as a technology. In ASME, phased arrays are specifically 
included as a “CIT” (Computerized Imaging Technology). However, the 
techniques and procedures are not inherently accepted in the code yet, and 
must be demonstrated through Performance Demonstration, or through 
codes and code cases currently in preparation. 


The philosophy behind these codes and code cases is clear and consistent 
with the general ASME calibration philosophy (each and every A-scan should 
be calibrated in accordance with the general rules).! In other words, each 
waveform should be calibrated for sensitivity, plus TCG/DAC. In practice, 
TCG (Time-Corrected Gain) and DAC (Distance-Amplitude Correction) vary 
with each A-scan due to different refracted angles (for S-scans), different 
wedge paths, different element strengths, etc. In practice, a DAC correction is 
essentially impossible, especially for S-scans. Therefore, a TCG is required, 
which sets each and every SDH to calibration level anywhere within the 
S-scan (or E-scan). 


A working phased array procedure was approved through Performance 
Demonstration approaches in Section V, Article 14 for pipes and plates from 
13 mm to 25 mm.!49 Phased arrays are also acceptable for ASME code case 
2235,!45 which is a unique code case specifically designed for automated 
ultrasonics to replace radiography. ASME CC 2235 also uses the Performance 
Demonstration approach; though this code case is often interpreted as TOFD- 
based, phased arrays are acceptable in principle. 


In terms of specific phased array codes, a selection of five code cases and 
codes is being prepared for ASME, Section V. The first code case (ASME code 
case 2451) has been accepted, but this is only for single beam, manual 
inspections, such as the phased array equivalent of manual monocrystal 
ultrasonics. While this is certainly a step forward, code case 2451 does not 
radically alter weld inspection procedures. 


Code cases 2557 and 2558 (semi-automated and automated E-scans and 
S-scans) have been approved by the ASME committees. These two code cases 
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are for manual inspections using S-scans and E-scans respectively. 


A generic phased array procedure for linear scanning of welds has been 
prepared by Davis NDE.!46 This procedure requires a single linear pass, but 
uses multiple S-scans (or E-scans), which can be performed by the 
OmniScan® 1.4 software. 


The ASME Ultrasonics Working Group requested a mandatory phased array 
appendix as well; this is being drafted concurrently with the code cases. Since 
actual code additions take much longer than code cases, approval of a 
mandatory phased array appendix is most likely to take a few years. 


A cautionary paragraph has been inserted in ASME Code Case 2235-8 
advising against the use of single-pass S-scans for weld inspections as bevel 
incidence angles are inappropriate at some locations on the weld bevel. 


6.9.2 ASTM 


A Recommended Practice (RP) for setting up phased arrays was approved in 
2006. This RP will require both Angle-Corrected Gain (ACG) and Time- 
Corrected Gain (TCG) for calibration (see section A.2.4 on page 422 for the 
OmniScan procedure for this calibration). The philosophy behind the 
ASTM RP and the ASME codes is essentially the same; the signal from any 
SDH calibration reflector within the calibration region (whether E-scan or 
S-scan) should record at the same amplitude. 


The ASTM RP should be referenced by ASME, Section V, as usual for ASTM. 


The ASTM RP was primarily prepared by Ed Ginzel of the Materials Research 
Institute. 


6.9.3 API 


A recent phased array trial using API QUTE was very successful, but results 
cannot be announced before approval from the API committee. This trial 
required scanning, characterizing, and measuring defect length in known 
samples. No changes were required to API procedure, QUTE UT2, for 
OmniScan® phased arrays. 


The API approval was performed by Davis NDE and Olympus NDT. 


6.9.4 AWS 


Until recently, AWS D1:1 approval for new technologies and techniques used 
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the Performance Demonstration approach in Annex K, plus the “Engineer’s 
Approval.” One special approval via Annex K has been obtained by Smith- 
Emery in LA, which will be published. 


New technique acceptance has been codified in the new 2006 code, which was 
recently released. The new AWS D1:1 2006 code specifically permits phased 
arrays, though a Performance Demonstration is required. Theoretically, a 
global approach for approving phased array techniques can now be 
developed, without the Engineer’s approval, though work has not yet 
commenced. 


6.9.5 Other Codes 


There is little known phased array activity in other codes or countries, for 
example, ISO, EN, Japan, or Russia. Many activities in Europe are again 
related to Olympus NDT and the Olympus NDT Training Academy through 
Lavender International and Vincotte Academy. 


The Japanese Society for NDI has included phased arrays as an option in 
Appendix 2 of their tip diffraction recommended sizing procedure.!4” 
However, this is not a code as such. 


The intent is to “introduce” the US codes to other organizations when 
appropriate. 


Overall, the code situation is in a high degree of flux; updates will be needed 
on a regular basis as this summary (November 2006) will be out-of-date in a 
short period of time. 


6.10 PAUT Limitations and Summary 


PAUT is just another inspection technique for assessing the integrity of 
materials using ultrasonic waves. Many of the inherent detection and sizing 
limitations of standard UT methods are also applicable to PAUT: 


¢ Detection threshold: discontinuity height should be at least three times 
the surface roughness; aspect ratio length / height > 3:1 


e SNR should be at least 3:1 (10 dB) 


e Ultrasonic waves are not a laser line, but a 3-D oscillation and 
propagation into the material 


e Detection and sizing may be different from conventional methods 


¢ Minimum defect height > 1/4 
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e = Minimum axial resolution: 


Viest piece x AT_59 dB 
Az> 
2 
e Minimum lateral resolution: 
beam 


Ax > 


¢ Minimum angular resolution (in rad): 
h 


defect 


A 
B> or 


path 


¢ Maximum probe frequency: 


Viest piece 
f, max * 6d 


grain size 


e Minimum distance from a large reflector (for a geometric echo) > 2mm 


e Minimum inner ligament >3 mm 


The PAUT accuracy in detection, sizing, and defect location may be affected 
by scanner backlash, index and angle evaluations, beam characteristic 
measurements, accuracy of data plotting, scanning resolution, and pixel size 
for time-of-flight and for scan/index axis. Setting realistic tolerances for 
essential variables is a very important task in the PAUT-reliability process. 


An ECA approach should not rely on the minimum size of defect that could 
be detected and reported/plotted, but on significant defects with the potential 
of high risk of failure. The size, location, and orientation of critical defects 
must be provided by finite element stress analysis and cross-checked by in- 
service damage data and PAUT data analysis. Phased arrays are a powerful 
inspection tool, capable of mapping corrosion patches, small MIC (micro- 
organism induced corrosion) attack zones, and even detecting small defects in 
complex shapes, including paint on the test piece (see Figure 6-70). This tool 
must be used with a due-diligence ECA approach. 


Final PAUT results depend on decisions based on the “human factor.” 
Training and certifying the technicians, analysts, and the engineers, in 
advanced PAUT, is one of the most important tasks in the PAUT reliability 
chain. Another important step for PAUT integration into ECA is the 
standardization of PAUT at different levels (ASME, ASNT, FAA, IIW, ISO, 
etc.). 
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Risk-based inspections require a quantitative evaluation of PAUT reliability 
for each specific application. PAUT experts must also include, in the 
validation process, the other two aspects of reliability: diversity and 
redundancy. 


Courtesy of Ontario Power Generation Inc.,Canada, and UDRI, USA 


Figure 6-70 Examples of PAUT data displays for different shapes of artificial reflectors for MIC 
attack evaluation (top and middle); defect detection on a complex shape test piece (bottom-left) 
and “SCRAP” C-scan display of a painted layer on a jet engine titanium disc (bottom-right). 


The examples presented in this chapter enhanced multiple aspects of PAUT 
reliability and the link with ECA in different domains (nuclear, turbine, 
pipelines, welds, and aeronautics). PAUT reliability is based on the basic 
concepts of validation, diversity, and redundancy. 


Validation 


Validation has been discussed extensively above. Besides standard-code 
techniques on defined reflectors, in-service applications offer considerable 
potential for Performance Demonstration and Capability Demonstration 
approaches. Modeling, mock-ups, equipment qualification, procedure 
qualification, training, review, and Quality Assurance all provide the 
Technical Justification required for key inspection applications. 
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Diversity 


PAUT inherently includes significant diversity as a major asset. The multiple 
angles used in an S-scan, multigroup scans (such as S-scans from different 
locations or E-scans at different angles), and the use of more than one array 
improve defect detection. Specifically, combining multiple techniques 
(S-scans, E-scans, and TOFD), using multiple scanning positions (if possible), 
independent-sizing techniques, plus data plotting give much greater 
diversity than standard ultrasonic or radiography inspections. This diversity 
inherently gives improved POD and POS. In some industries, external 
companies or agencies still need to perform validation tests on PAUT, to show 
these benefits. 


Redundancy 


Cracks typically reflect over a range of angles, which can be easily addressed 
by PAUT by using multiple scans. Also, PAUT is inherently suitable for 
multiple-data analysis since the screenshots (and even some files) can be 
E-mailed to analysts at other locations. Data can be merged to give an overall 
picture of the defect or component. 


In summary, a combination of validation, redundancy, and diversity 
significantly improves defect detection and sizing, even on parts with 
complex geometries, or machining and repair obstructions. 


The recent developments for 2-D and 3-D data plotting create a direct link 
between PAUT and ECA. The PAUT-data presentation is based on pixel 
images, rather than on A-scan amplitude (see examples from Figure 6-71 to 
Figure 6-73). 


Courtesy of Ontario Power Generation Inc., Canada 


Figure 6-71 Example of S-scan data plotting in a pin drawing with a machining obstruction 
hole: no defect (/eft); 5 mm crack (right). 
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Courtesy of Ontario Power Generation Inc., Canada 


Figure 6-72 Example of relationship between defect reconstruction (5.2 mm fatigue crack) 
and S-scan data plotting into 3-D part of blade root. 


Figure 6-73 Example of PAUT data plotting into 3-D complex-geometry weld for detection and 
sizing of a root crack. Top: general view; bottom: zoomed. 
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A recent EPRI approach to quantify the RMS sources of errors!4° creates a 
positive feedback to identify the contribution of random and systematic 
factors in the sizing accuracy process. For example, the mean-squared error is 
the sum of the squares of the mean error, the standard error of measurement, 
and the slope error (see also Figure 6-74): 


efns = (¥-X)?+ EF + [(B- 10,1? 


Tms 
where: 
Ey is also known as the standard error of estimate and 
measures that part of the variance in y that cannot be 
explained by x. 
(y—x)? is the square of mean error. 


[(B-1)0,]* is the slope error. 
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Figure 6-74 Graphical representation of the components of RMS error using eddy current 
estimates of the depth of indications in steam-generator tubes. 


The graph in Figure 6-74 is an example of eddy-current sizing performance of 
SCC in steam generator tubes. A similar approach could be performed for 
PAUT. 
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The advantage of focused beams, high SNR and high accuracy in detection 
and sizing, the possibility of direct links between PAUT data and the 3-D 
component drawing, and advanced tools for error assessment make PAUT a 
reliable tool for ECA. 


PAUT can be considered a reliable tool for fitness-for-purpose of critical 
components with a long operational life (aircraft, nuclear utilities, bridges, 
refineries, off-shore structures—to name a few). The advanced applications 
presented in the next chapter detail specific issues of reliability related to the 
performance of PAUT when applied to: turbine components, dissimilar metal 
welds, pipelines, chemical reactors, construction welds, and aeronautical 
components (composites and titanium engine discs). 
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7. Advanced Industrial Applications 


This chapter presents advanced industrial applications of PAUT for specific 
domains, such as jet engines, advanced inspection of pipelines, low-pressure 
turbine inspections, on-line high-speed automated PA systems, and advanced 
applications of OmniScan®. 


7.1 Improved Horizontal Defect Sizing in Pipelines 


Pipeline girth-weld inspections are high-speed, high-quality operations, and 
typically use large phased arrays or multichannel systems and instruments.! 
Specifically, the Olympus NDT PipeWIZARD® system is Tomoscan 
FOCUS'”~based, and uses two 60-element linear arrays. Sizing (see chapter 6) 
has always emphasized the defect vertical dimension, and focusing is 
generally based on these requirements. 


However, when an ultrasonic beam enters a pipe, it is effectively defocused in 
the horizontal or lateral direction. To compensate would require a compound 
curvature on the beam, essentially focusing vertically and horizontally 
separately. This type of transducer is not used in conventional pipeline AUT. 
As a result, normal beam spread oversizes defects in the circumferential 
dimension; interaction rules can agglomerate multiple small defects into a 
rejectable defect. Oversizing increases reject rates, construction time, and 
costs. 


With Gas Technology Institute funding, Olympus NDT has developed two 
separate approaches for improving lateral focusing; in effect, compound 
curvatures are introduced by a combination of mechanical and electronic 
focusing. One approach is for thin-wall pipe (present section), the other for 
thick-wall pipe (see section 7.2). 
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7.1.1 Improved Focusing for Thin-Wall Pipe 


With the arrival of high-strength, thinner wall pipe steels, improved defect 
sizing is becoming more critical. Engineering Critical Assessment (see 
chapter 6) requires better sizing as the pipes become thinner. The main 
application for this improved defect-sizing technique is high strength, large- 
diameter onshore pipes, such as X-100 and X—120 steels. These pipes tend to 
be thinner so that vertical sizing is more important. Also, the ECA criteria for 
High-Performance Pipes (HPP) require shorter lengths, so accurate length 
sizing is more critical. 


Three focusing approaches were initially considered: curved arrays, curved 
wedges, and matrix phased arrays, but curved arrays quickly proved to be 
the most practical solution. All three approaches are an advance on standard 
AUT phased arrays,? or on conventional UT. 


Extensive computer modeling was performed to determine the optimum 
array for thin-wall pipes with mechanical focusing (for example, a curved 
array) and various curvatures. The modeling showed that a 60-element, 1 mm 
pitch array with a 100 mm curvature in the passive aperture gave significant 
improvements over a standard array (60-element, 1 mm pitch, unfocused). 
This curved array was manufactured and tested on a commercial calibration 
block with flat-bottom holes. 


The experimental results showed that the curved 1-D array had significantly 
better focusing than the standard (unfocused) array, as expected. The curved 
array oversized flat-bottom hole reflectors by only ~1 mm, instead of the 
4mm to 6 mm from the standard array. In general, these curved arrays can be 
used on standard AUT phased array systems with no modifications to the 
general mechanics or software. 


7.1.2 Modeling on Thin-Wall Pipe 


Ray tracing was performed using the “Garden Gate” calculator on 
PipeWIZARD.+4 Pipe-wall thickness ranges from 10 mm to 20 mm were used, 
with an average wall thickness of 15 mm. Sixty-element probe was used, with 
a probe pitch of 1 mm; the wedge angle was 36° in Rexolite® (giving a natural 
refracted angle of 55°). Particular attention was paid to the curvature in the 
passive axis of the probe. Before doing any field simulations, ray tracing was 
performed to estimate the basic parameters of the simulations, such as sound 
paths, focal positions, and inspection angles. 


Optimized inspection parameters for typical zones were obtained by carefully 
selecting the probe aperture (number of active elements), the position of the 
aperture (for example, the ‘start element’), the inspection angle, and the beam 
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skips. The priorities of the optimization criteria were as follows: 


7.1.3 


To minimize the number of skips. 
To optimize inspection angles. 
To have the largest aperture as possible. 


Thin-Wall Pipe Simulations with PASS 


Beam-profile modeling was performed using PASS (Phased Array Simulation 
Software). The following general parameters were used: 


7.1.3.1 


Frequency: 7.5 MHz 
Pitch: 1 mm 

Aperture: 32 elements 
Wedge angle: 36° 
Aperture height: 20 mm 
Pipe diameter: 941 mm 


Focus size definition: -3 dB in transmission (or —-6 dB in transmission- 
reception) 


Pipe-material properties: longitudinal wave speed 5900 m/s, shear-wave 
speed 3230 m/s 


Wedge longitudinal-wave speed: 2330 m/s 


Depth of Field 


The depth of field (focal beam height) was estimated by plotting the field in 
the x-z plane. Since the focal heights are essentially independent of the 
curvature in the probe passive-axis direction, only one curvature was 
calculated; other curvatures should generate the same focal height. For 
example, if a decrease of —3 dB with respect to the maximum field intensity of 
the focal beam size in transmission is used (or -6 dB for T/R), then the 
calculations from Figure 7-1 show that the minimum focal height is 1 mm (for 
Fill 1 channel) and the maximum focal height is 1.7 mm. 
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Figure 7-1 Sound fields in the x-z plane. In this plane, the depth of field in both active and 
passive axes of the probe can be observed. 


7.1.3.2 Width of Field 


The width of fields (beam widths) were estimated by plotting in a plane of the 
sound beam. Such plots also showed the global shape of the fields. Here the 
effect of component curvature was omitted due to the very large pipe 
diameter. This is similar to the beams entering a plate of the same thickness as 
the modeled pipe. 


Simulations for the width estimations are presented in Figure 7-2 for different 
array curvatures. Other channels produced similar results. It is clear that 
curving the array makes a significant difference to the focusing ability. 
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Figure 7-2 Fill 1 channel-beam profiles. The red cursors represent the theoretical focal 
position. The probe is at the left. Array curvatures (top to bottom) = 80 mm, 100 mm, 120 mm, 
and infinite (the bottom profile is the standard unfocused AUT probe). 


7.1.3.3 Thin-Wall Modeling Conclusions 


The simulated focal heights and widths are summarized in Table 7-1 for a 
sample channel. The other channels produced similar results. After 
comparing the different channels, the optimum curvature lies between 
100 mm and 120 mm. If the diameter of the pipe (instead of a plate) is taken 
into account, a curvature of 100 mm is preferable, since the pipe has a slight 
beam-divergent effect. 


With this curvature, the minimum theoretical focal width is about 1.5mm 
(Fill 1 and LCP) and the maximum theoretical focal width is about 2 mm (HP 
and Root). The minimum focal height is 1 mm (Fill 1) and the maximum focal 
height is 1.4mm (for the Root zone). It is clear that this optimized probe 
design is noticeably better than the current AUT phased array probe (the 
probe with an infinite curvature in Table 7-1) for all the channels considered. 


Table 7-1 Fill 1 channel focusing results. (Focal depth = 30 mm, refracted angle = 55°, 
aperture = 32 elements, pitch = 1 mm, aperture height = 20 mm, skips = 1/2.) 


ec or unfocused 
PA curvature [mm] (element width 
=10mm) 
Width of field for -6 dB 


in x-y plane [mm] 
Depth of field in x-z 
plane/height [mm] 


Advanced Industrial Applications 319 


7.1.4 Evaluation of Cylindrically Focused Probe 


This section describes the experimental results using the prototype array. 


7.1.4.1 Experimental 


These experiments compared the lateral beam spread of the conventional 1-D 
unfocused probe to that of the curved 1-D probe using a thin-wall calibration 
block. This probe/wedge assembly had the same size and shape as the 
standard PipeWIZARD® probe/wedge assembly. In practice, this curved 
probe can be used on any PipeWIZARD system for site inspection, simply by 
replacing the conventional probe/wedge assembly with the focused 
probe/wedge assembly. There is no need to change the scanner, hardware, or 
software. 


A typical ASTM AUT zone-discrimination calibration block° was used for 
evaluating the focusing. The pipe-wall thickness was 9.8mm and the bevel 
was CRC type with seven flat-bottom hole targets. A conventional 
Olympus NDT PipeWIZARD phased array AUT system was used for all 
tests. 


7.1.4.2 Wedge 


The probe face was slightly curved in the passive axis (R = 100 mm). Pipe-wall 
thicknesses from 10 mm to 20 mm are inspectable with these curved probes. 
The element length was 18mm, which is larger than conventional AUT 
probes, and this array can focus more energy within certain sound paths. The 
wedge is the same as the wedges used in the standard AUT system, except a 
convex face (R = 100 mm) was machined to adapt to the array face. 


7.1.4.3 Setups 


The setup for the conventional AUT probe was the same as the setup used in 
the acceptance tests for commercial AUT systems. The scanning resolution 
was set to 0.25 mm and the curved probe was connected to the upstream 
connector (element numbers 1~60). After performing a scan using the 
conventional AUT probe, this probe was replaced by the curved probe in the 
scanner and the same scan was repeated. The same setup was nearly 
compatible with the new curved probe for the positions of the element 
apertures, but the channel gains for the FBH targets were typically reduced 
by several decibels to maintain 80 % FSH. This latter fact simply meant that 
more energy was focused in the passive-axis direction of the probe. 
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7.1.5 | Beam-Spread Results 


Beam spread comparison between the focused probe and conventional AUT 
probe can be seen in Figure 7-3 for the same calibration. The curved probe 
clearly generates less beam spread than the standard probe for the FBH target 
channels. Beam-spread measurements were taken by measuring the length of 
the indications from the corresponding targets. The length of each indication 
was determined by using the —-6 dB drop, or ~40 % FSH. Table 7-2 gives the 
lateral size measurements and Figure 7-4 shows a sample comparison of the 
amplitude profiles using the two arrays. 
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Figure 7-3 The same calibration block scans for curved probe (eft) and standard AUT 
(unfocused) probe (right). 


Table 7-2 Beam-spread comparison between curved probe and standard AUT probe. 


Zone/ Target lateral size Measured length [mm] 
Channel abbr. [mm] - nominal Curved probe AUT probe 


Map Root /MAPU| 1° @* 15 toot 14.1 11.6 
notch) 
15 (2* 15 root 
sia notch) 


pPa7HaU | __2mmFBH | 31 [| 66 __| 
IN /FIU | __2mmrBH | 29 [| 80 ___| 
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Figure 7-4 Sample comparison of lateral sizing between a curved probe and a standard AUT 
probe for Channel F1U (Fill 1 Upstream). 


7.1.6 §=Summary of Thin-Wall Focusing 


As shown in Table 7-2, the lateral-beam spread of the curved probe is much 
less than that of the conventional AUT probe for the detection of FBH targets. 
The focused probe has a beam spread (oversizing) of ~1 mm in the horizontal 
direction, while the standard probe has oversizing of 4-6 mm on the same 
reflectors. The “ideal” array is a standard PipeWIZARD® probe cylindrically 
focused using a 100mm radius in the passive direction. Because of better 
focusing, the curved array requires lower-signal amplitudes, and probably 
has a better detection capability. 


This focused probe is ready for use in any PipeWIZARD AUT system for 
inspecting thin-wall pipe welds, simply by replacing the conventional 
probe/wedge assembly with the curved probe/wedge assembly. The curved 
array and wedge assembly is affordable; therefore, the lateral sizing ability of 
an AUT system for thin-wall pipes can be greatly enhanced. 


7.2 Improved Focusing for Thick-Wall Pipeline AUT 


Despite claims and requests for better sizing, most pipeline trials have shown 
that sizing accuracies are only within about +1 mm, at best, in the vertical 
(through-wall) direction,© and typically worse in the horizontal 
(circumferential) plane due to beam spread. Defect-sizing requirements are 
becoming more stringent as new high-strength pipes and new applications 
are being introduced. This applies especially to thick-wall offshore pipelines, 
particularly tendons and risers where fatigue life is critical. 


This project developed a curved 1.5-D matrix array, primarily for thick-wall 
risers and tendons. Initially, the focusing was modeled for a variety of arrays, 
including the standard flat array. Modeling showed the optimum array to be 
120-elements long, having three rows, with a slight curvature for initial 
focusing. (In general, detailed focusing can be performed using the electronic 
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capability of phased arrays. Normal unfocused PipeWIZARD phased arrays 
use 60-element arrays on either side of the weld; in contrast, the new array 
uses 360 elements for one-side-only inspections.) The results from this array 
were compared with the standard unfocused 1-D array on a typical 
calibration block; significant improvements were obtained. 


It should be noted that riser- and tendon-sizing specifications are typically 
more demanding than current AUT sizing capability. Risers and tendons are 
typically fairly large diameters (up to 1067 mm), and thick-wall (up to 40 mm, 
but apparently will thicken to ~50 mm in the future). Focusing at these depths 
is a technical challenge. However, improved focusing is able to significantly 
reduce defect oversizing, and be highly cost-effective. 


7.2.1 Focusing Approaches on Thick-Wall Pipe 


Initially, the same three focusing techniques as in section7.1 were 
investigated using modeling for the thick-wall application: curved arrays, 
matrix phased arrays, and focusing wedges. Since there is a wide variety of 
pipe diameters and wall thicknesses, it became rapidly apparent that simple 
curved arrays or focusing wedges would be unable to reasonably cover all the 
parameter sets. A matrix phased array offered the best focusing possibilities, 
but would become very expensive if followed to the extreme. 


The standard AUT system uses an unfocused (flat), linear (or 1-D), 60-element 
array for each side of the weld. This requires a Tomoscan FOCUS™ 32:128 
phased array instrument. If a 5 x 60 matrix (called a 2-D array) is used, this 
would require the equivalent of five Tomoscan FOCUS units, or an additional 
US$0.5 million for the system, plus the cost of the arrays. A more cost- 
effective solution was required. 


The most obvious approach was to use a 1.5-D array. Typically, a 1.5-D array 
uses three rows of elements in a long array to replace the standard unfocused 
array. This allows a limited amount of horizontal beam shaping or focusing. If 
the two outer rows are coupled together, then this array can be fired using 
two standard Tomoscan FOCUS 32:128 instruments, for example, a modified 
PipeWIZARD. This approach gives improved focusing only, but no beam 
steering. Beam steering is not required for this application. 


7.2.2 Modeling on Thick-Wall Pipe 


The modeling was performed using PASS (Phased Array Simulation 
Software), as for the thin-wall pipe project in section 7.1. A wide variety of 
parameters was modeled, but only a small selection is given here as 
illustration. 
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Specifically, early results showed that the best focusing/cost trade-off was 
obtained from a combination of curved arrays and a limited matrix array. 
Curved arrays and focused wedges alone were too limited for thick sections, 
in the sense that optimum focusing at different thicknesses and angles 
required significant flexibility. 


A variety of array designs were considered: element widths of 0.6 mm, 
0.8mm, and 1mm; single arrays, focused single arrays, matrix arrays 
(typically with 3 elements only in the horizontal direction) were all modeled. 
Table 7-3 and Figure 7-5 show a sample set of results. In this table, the 
modeling shows the effects of curving the array. There is significant 
improvement; the unfocused (PipeWIZARD) array at right shows a much 
wider beam spread. 


Table 7-3 Parameters used for modeling in Figure 7-5. Emphasis is on array curvature. 


Width of field for -3 dB | 1.1 (trace of side 
in x-y plane [mm] 

Depth of field in x-z 

plane/height of focus 

size calculated [mm] 


Figure 7-5 PASS modeled beam profiles for focused and unfocused arrays. (Left to right: 100, 
70, 50, and flat.) 


The modeling in Figure 7-5 clearly shows that significant gains can be made 
by using a suitable mechanical curvature in the passive axis. For example, 
focusing using a 50 mm radius generates a spot width of 1 mm (second from 
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left), while unfocused beams give a focal spot width of 1.6 mm. Also, there 
are stronger lobes with the unfocused array, which can produce misleading 
signals (far right, for standard PipeWIZARD array). 


In a similar manner, the following effects were modeled: 


e Array pitch (0.6 mm, 0.8 mm, 1 mm) 

e Effect of incident angle 

¢ Focal spot size at different depths 

e Aperture size 

e Increasing the number of active elements 

e Checking the extreme positions on the array. 


Typically, a 2-6-2 1.5-D matrix array was modeled unless stated. This refers to 
an array with three elements across, of 2 mm-6 mm-2 mm. 


7.2.3. Thick-Wall Modeling Results Summary 


The following section gives the experimental results of the prototype array. 


7.2.3.1 Array Pitch 


The results showed that an array with a larger pitch has a smaller focal depth 
of field for the same number of elements, while the focal width did not 
change much. Therefore, it is beneficial to use a larger pitch, or 1 mm in this 
case (as with standard PipeWIZARD 1-D unfocused arrays) to reduce costs. 


7.2.3.2 Incident Angle 


The arrays were mounted on a wedge to give their “natural” angle of 
refraction, around 50° in this application. When the refracted angle in the 
pipe increased away from the natural angle (for example, from 50° to 70°), the 
focal spot size increased. 


7.2.3.3 Focal Spot Size at Different Depths 


As the focal depth increased, the focal spot size also increased. The array 
curvature did not help much at large focal depths. At a depth of 50 mm, the 
focal spot size in both directions measured around 3 mm. 


7.2.3.4 Aperture Size 


As the aperture size increased, the focal spot size decreased. This is 
predictable from standard physics (see chapter 3). 
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7.2.3.5 Increasing the Number of Active Elements 


Increasing the number of active elements is a simple solution for improving 
focal spot size, provided the equipment is capable. To reduce the focal spot 
height in a thick pipe, an increase in the number of active elements should 
help. Comparing 32 elements to 16 elements showed that the focal spot height 
was reduced from 2.9 mm to 1.6 mm for a 50 mm depth. 


7.2.3.6 Checking the Extreme Positions on the Array 


It is important to check that the array can generate the beams that are 
calculated for pipeline zone discrimination using the PipeWIZARD 
automated setup procedure. The setup procedure was used for a 50 mm pipe 
(the maximum thickness expected, and the most difficult to inspect) as shown 
in Figure 7-6. 


LOGIE: ; 7 pre, : index=65.68 mm~ 
ee” YZ, z i Path US=81.88 mm 
X=0.72 mm 


“SESE Y=49.84 mm 
Fill 16 US WD-69.64 mm 


WD=21.56 us 
Gate S=-3.00 mm 
Gate E=3.00 mm 


Figure 7-6 Automated setup for zone discrimination inspection of 50 mm pipe. Difficult angles 
are the LCP, Fill 16, and Fill 17 channels. 


As shown in Figure 7-6, the proposed array covered the full weld, even at 
50 mm wall thickness. This should be sufficient for risers and tendons for the 
foreseeable future. 


7.2.4 Thick-Wall General-Modeling Conclusions 
The following general conclusions were made from this modeling. 


1. The simulations show that the focal spot size varied with location and 
angle inside the pipe. 
2. The smallest focal spot height was only 0.5 mm, and the width ~1 mm. 


3. If the pipe wall was thick (for example, 50mm), the focal spot size 
increased rapidly. 


4. Since PASS cannot simulate a real pipe (the sample used in the 
simulations is a rod), the situation when there are one or more skips by 


326 Chapter 7 


the pipe wall is undefined. This was modeled by looking at the acoustic 
field in the y-z plane and extrapolating the beam behavior. 


5. The optimum design is a 360° element (3 x 120), 1.5-D array with a small 
mechanical curvature of 70 mm radius. 


7.2.5 Instrumentation 


Costs of instrumentation are a concern, especially for this thick-wall array. 
The 1.5-D array is not particularly expensive by itself; however, to operate it 
would require up to 386 elements (3 x 32:128 phased array instruments), 
which would add at least US$200,000 to the cost of an AUT system. This is 
somewhat unrealistic, but there is an easy solution to reduce the 
instrumentation requirements. Couple the two external rows together, which 
reduces the instrumentation requirements by one third. Essentially, this will 
allow focusing, but not beam sweeping off axis. 


This array now requires a 256-channel instrument. The easiest solution today 
is to couple two Tomoscan FOCUS 32:128 standard units together in a master- 
slave arrangement, which works well. This arrangement also offers some 
flexibility since a standard PipeWIZARD AUT system could be used with an 
additional phased array instrument. This was demonstrated. 


7.2.6 Thick-Wall Pipe Experimental Results for 1.5-D Phased Array 


The experimental results from the 1.5-D phased array presented here showed 
the acoustic performance of the array and the future design of this type of 
probe. 


7.2.6.1 Calibration Standard 


The calibration standard was provided by Oceaneering International, and 
was designed for the inspection of tendons. The standard had one section of 
forged pipe and one section of rolled pipe that were welded together. 
Calibration targets were made directly in each section of pipe. Apparently the 
shear-wave velocity in the rolled section was anisotropic. The pipe-wall 
thickness was 36.8 mm and the pipe diameter 813 mm. 


Due to the relatively large length of the 1.5-D array, only the rolled calibration 
block of the upstream side could be inspected (see Figure 7-7). Typically, the 
reference reflectors were angled 3 mm flat-bottom holes with some additional 
notches at ID and OD. Together with this calibration standard, inspection 
data files for this standard were also provided. 


Advanced Industrial Applications 327 


etc 


et 


Figure 7-7 Calibration block showing reference reflectors (flat-bottom holes [FBH] and root 
notches). 


7.2.6.2 1.5-D Phased Array and the Wedge 


The array is shown in Figure 7-8. This 360-element array can have a 
maximum aperture of 96 elements (32 x 3). The array is slightly cylindrically 
curved in the lateral direction with a 70mm radius to provide some 
additional mechanical focusing. The array frequency was 7.5 MHz (the same 
as the 1-D PipeWIZARD system array), the array pitch was 1mm, but the 
array width was 18 mm. The probe lateral dimension was wider than that of 
the standard 1-D AUT system array, so it can deliver more energy deeper into 
the pipe. Because the array has a curved face, the wedge had a convex curved 
surface to adapt to the array face. 


7.2.6.3 Software 


A dedicated focal law calculator was developed for the 1.5-D array using 
QuickView’. Lacking the ‘Garden Gate’ tool in the PipeWIZARD software, 
which allows easy definition of the beam parameters for a weld bevel and 
then generation of different focal laws, was an inconvenience here. In the 
garden gate calculator, the time delay between the pulsers of the two phased 
array instruments, the OD and ID curvatures of the pipe are taken into 
account. 


7.2.7 Experimental Setup 


The following section describes the mechanical setup for the experiments. 


7.2.7.1 Mechanics 


The mechanical setup is also shown in Figure 7-8. Unlike the standard AUT 
system scanner driven by a motor, it was a nonmotorized scanner and was 
moved manually. The calibrated encoder sends exact position data to the 
electronic system. In QuickView'”, the array was programmed to fire each 
0.25 mm. Tap water provided acoustic couplant for the array. 
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Figure 7-8 Experimental setup: (a) top view of the probe; (b) side view of the probe. 


7.2.7.2 Acoustics 


The setup parameters for the 1.5-D array test were chosen to be as near as 
possible to the parameters of the original setup. The B-scan and Scrolling 
View (similar to strip charts) were recorded around each target. The gate 
length for each target was about 6 mm (3.72 us). 


The first element numbers and the maximum apertures of the different zones 
are listed in Table 7-4. 


Table 7-4 Targets and setup parameters. 


Inspection : Full sound 
Zone ipa Md angle Ease Dest Aperture path in 
calibration element element : 
Ideg.] pipe [mm] 
Root 1.5mm 104.8 3265 
Volume FBH 
Root Map | 0.5mm 1 114.6 3265 
5 mm root 
notch 


ee at a 
ee 
ee Se 
P32 [38 [san 8235 
[32 [263 | sa00 235 
P32 [208 | sa00 8235 
P32 [4 [san 235 
P32 [99 [a0 235 
P32 [0s [008235 
a 


Volumel1 1.5mm 26.96 5 40 72 3 145.8 3265 
FBH 
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Table 7-4 Targets and setup parameters. (Cont.) 


Target for First Last eae Full ae 
calibration element | element perture | path in 
. pipe [mm] 


Volume4 1.5mm 5.41 45 33 65 32 193 3280 
FBH 


7.2.8 | Beam-Spread Comparison between 1.5-D Array and 1-D 
Arrays 


The rolled upstream portion of the calibration block was utilized for the 
beam-spread comparison test. In the original scans, the pipe circumferential- 
scan resolution was 1mm, whereas the 1.5-D array used 0.25mm. Beam 
spread measurements were taken by measuring the length of the indications 
from the corresponding targets. The length of the indication was determined 
by using the -6 dB drop; in most cases this would be around 40 % FSH. Table 
7-5 shows the comparison results and Figure 7-9 and Figure 7-10 show 
sample print screens of the signals from both probes. Table 7-6 shows net 
oversizing for each reflector with the focused and unfocused arrays. 


Table 7-5 Beam spread comparison between 1.5-D array and 1-D array. 


ae Full Beam path 
[mm] [oum}s 
73 (FB) 
Root Ma 15 (0.5 x 15 root 
a 
mY BH) Ys SCtCYSSCSSC~*d 
[1 AL: 
Fm BH) [a CCC*d 
Vorume2_[—_15@BA) [tea fT CC* 


4Taken from the 1.5-D array setup and might be slightly different 
from the original setup. 
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Table 7-6 Beam-spread comparison with reflector width subtracted. 


Full Beam path 
[mm] [mum 
Root Ma 15 (0.5 x 15 root 

ee 
(FBR) 
3(FBH) 
3B) 
3(FBH) 
To99[ 00 

13 
2 


iB] 99 


ce 
| 
: 
Ee 
3 


Ol] Go 
Ol] O1 


Note that some of the measured FBH sizes were actually marginally smaller 
than the nominal sizes. This is discussed later. 


Figure 7-9 Beam width comparison on Root Volume target (1.5 mm FBH). [a] Scrolling views 
and B-scan for 1.5-D array (A = 2.75 mm); [b] strip chart for 1-D array (A = 4 mm). 
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Figure 7-10 Beam spread comparison for Fill 1. Target: 3 mm FBH. [a] Scrolling views and 
B-scan for 1.5-D array (A = 3.25 mm); [b] strip chart for 1-D array (A = 6 mm). 


7.2.9 Summary 


Modeling has shown that focusing improves beam size in thick-wall pipe 
welds using a curved 1.5-D array. A 7.5 MHz, 360-element, 70 mm radius, 
curved array was ordered and evaluated on a 36mm wall, 44-notch 
calibration block for tendons. The actual focusing improvement depended on 
depth, angle, and similar parameters, though oversizing of only ~1 mm was 
typical. FBH sizing showed significant improvements with negligible 
oversizing in some cases. 


It is clear that the lateral beam spread of the 1.5-D array was significantly less 
than that of the 1-D array on thick-wall pipe up to 50 mm. This phenomenon 
was more evident when the sound path was long. For a full-skip sound path, 
the lateral size of a target seen by the 1-D array was almost twice of that seen 
by the 1.5-D array. When the diameter of the FBH was subtracted as in Table 
7-6, the beam spread from the 1.5-D array was typically less than 1 mm, even 
at large depths. The standard unfocused array had much poorer sizing in 
comparison. 


The lateral size of some 3 mm FBHs was slightly underestimated by the 1.5-D 
array. It is possible that the beams are not perfectly aligned with these two 
targets in the vertical direction due to the limited pitch value of the probe and 
the strong focusing in the vertical direction. Normally the first element 
numbers of the apertures decide the position of the focus, so with a pitch 
value of 1 mm, a small vertical misalignment may have occurred. 


From the B-scan images of the 1.5-D array (Figure 7-9 and Figure 7-10), small 
lateral side lobes were visible at each side of the main lobe. These side lobes 
were predicted theoretically by the numerical simulations. A comparison of 
the side lobe amplitudes can indicate the lateral misalignment of the 1.5-D 
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array. The side lobe traces were not perfectly symmetrical, indicating a small 
lateral misalignment in probe angle. This small misalignment may be difficult 
to control, since it depends on the scanning direction (clockwise or 
counterclockwise). The effect of the small misalignment on the lateral beam 
spread does not seem important but still remains to be studied. 


One problem encountered with the 1.5-D array was the relatively large inertia 
of the probe due to its height and weight. When the scanner moved fast on a 
pipe and the movement generated vibrations, the probe inertia prevented the 
probe from returning rapidly to its normal position. 


One solution is to use stiffer springs to replace the current springs that attach 
the probe holder. Also, for future probe designs, the probe height and weight 
should be as small as possible. For example, the overall probe size could be 
reduced by using only one cable outlet for all the 240 coaxial cables, instead of 
two. 


7.3. Qualification of Manual Phased Array UT for Piping 


This section was made available courtesy of Zetec, Canada, and EPRI NDE Center, 
USA. 


This section details the technical issues regarding the qualification of 
OmniScan® PA system for austenitic and ferritic steel piping welds of 
primary circuits of nuclear power plants. Qualification was performed based 
on ASME XI-Appendix VIII.” 


7.3.1 Background 


Conventional automated UT procedures for IGSCC detection in nuclear 
piping welds require at least five scanning sequences on either side of the 
weld. All these sequences are needed to detect both circumferential and axial 
cracking. Each of the sequences is a high-resolution “raster scan” type that 
takes a long time to execute (see Figure 7-11a), so that the complete inspection 
of a pipe weld in a power plant can take a full 12-hour shift. As a 
consequence, such UT examinations of pipe welds in the framework of ISI in 
nuclear plants require a large amount of NDE manpower. 


In 2002, EPRINDE Center personnel successfully completed an 
Appendix VIII qualification of an automated phased array ultrasonic 
examination for flaw detection and length sizing in austenitic and ferritic 
piping welds.”* A key advantage of the phased array methodology is the use 
of the rapid “multiple line” sequence (see Figure 7-11b), instead of the 
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conventional “raster scan.” It was demonstrated that the phased array 
approach offers improvements in speed, coverage, and reliability. 


24 


Figure 7-11a Raster-scan sequence Figure 7-11b Multiple-line sequence 
used for conventional UT. used for phased array UT. 


The Zetec/EPRI manual phased array procedure is based on a similar 
approach previously qualified by EPRI using an automated phased array 
system. 


7.3.2 General Principles of the Phased Array Examination Method 


The Zetec/EPRI manually driven, encoded phased array procedure for piping 
welds prescribes an examination conducted from the OD, using both 
transmit/receive and pulse-echo examination techniques. The phased array 
probe assemblies consist of either one or two 15-element 2-D matrix arrays, at 
a nominal frequency of 1.5 MHz, and placed on exchangeable Rexolite® 
wedges. 


A manually driven, position-encoded 2-axis pipe scanner is used to carry the 
phased array probe assemblies, one at a time. 


Multiple-line sequences are used, with a small increment in the scanning 
direction (along the weld) and a large increment in the index direction (across 
the weld), in combination with phased array sectorial scanning (S-scans). 
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The detection and reporting threshold is based on the local ultrasonic noise 
level, and length sizing of flaw indications is based on amplitude drop 
techniques. 


7.3.3 Circumferential Flaws 


For the detection of circumferential flaws, a dual array assembly is used (see 
Figure 7-12a). This search unit allows for transmit/receive (T/R) side-by-side 
operation with either shear or longitudinal waves. The procedure prescribes 
the use of longitudinal waves only for austenitic welds with single-side 
access. 


The wedge assemblies were designed to allow for the generation of acoustic 
beams with refracted angles between 40° and 70° in 1° increments, at three 
discrete skew angles: -15°, 0°, and +15° (75°, 90°, and 105° compared to the 
scan-axis direction). This results in a total of 93 acoustic beams being fired at 
each search unit position. 


Figure 7-12b shows a schematic representation of this inspection technique. 
The use of skewed beams offers two advantages: it improves the detection 
capability on misaligned or branched cracks, and it provides a useful tool for 
discrimination between IGSCC type cracks and geometrical responses (for 
example, counter bore). 


Figure 7-12a Search unit for Figure 7-12b Inspection technique for 
circumferential flaws. circumferential flaws. 


Prior to the fabrication of phased array probes and wedges, the search unit 
design was theoretically validated for various pipe configurations (see Figure 
7-13), using the 3-D acoustic beam simulation module of Zetec’s “3D Ray 
Tracing, Beam Simulation and UT Data Visualisation Software Package” for 
AutoCAD®. 
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Figure 7-13 Acoustic beam simulation of 50° SW beam with 15° skew angle, focused at a 
depth of 27.5 mm, generated by the search unit for circumferential flaws. 


For circumferential-flaw examinations, the ultrasonic beams are oriented 
essentially perpendicular to the weld. A two-line inspection sequence is used 
to fully cover the examination volume (see Figure 7-14). The axial positions of 
the two scan lines are determined as a function of the pipe thickness and the 
weld crown width. 


Figure 7-14 Axial search unit positions for circumferential-flaw examination. 
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This examination method proved effective for various types of 
circumferential defects. Figure 7-15 shows the ultrasonic images obtained on 
thermal fatigue cracks in a 305 mm stainless-steel pipe weld with a wall 
thickness of 17.5mm. The shear-wave beams provide excellent detection 
capability on the near-side flaw, but even the far-side flaw can be 
discriminated from the root signal. Figure 7-16 shows the ultrasonic images 
obtained with the same technique on a field-removed circumferential IGSCC 
flaw in a PDI stainless-steel practice specimen: a high SNR can be observed. 


Figure 7-16 Ultrasonic images of field-removed circumferential IGSCC. 
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7.3.4 Axial Flaws 


For the detection of axial flaws, single array assemblies are used (see Figure 
7-17). This search unit allows pulse-echo operation with shear waves. Two 
symmetrical wedge assemblies were designed to inspect for axial flaws from 
opposite directions, such as clockwise and counterclockwise. The wedge 
assemblies were optimized to generate shear-wave beams with refracted 
angles between 35° and 65°, in 2.5° increments, at five skew angles between 
22.5° and 52.5° relative to the scan-axis direction. This results in a total of 65 
acoustic beams being fired at each search-unit position. Figure 7-18 shows a 
schematic representation of this inspection technique. The use of five 
different beam skews definitely improves the detection capability compared 
to conventional UT techniques. 


Figure 7-17 Search unit for axial flaws. Figure 7-18 Inspection technique for 
axial flaws. 


The search unit design was theoretically validated for various pipe 
configurations using 3-D acoustic beam simulation. In addition, during the 
technique development session at the EPRI NDE center, the acoustic footprint 
of these search units was optimized to bring the beam exit point as close as 
possible to the weld crown toe without generating major internal reflections 
in the wedge. 


A two-line inspection sequence is used to fully cover the examination volume 
(see Figure 7-19). The axial positions of the two scan lines are determined as a 
function of the pipe thickness and the weld crown width. The first scan line, 
as close as possible to the weld crown toe, aims for flaws located near to the 
weld root, while the second scan line completes the coverage. 


The above inspection method proved quite effective for the detection of 
misoriented axial flaws. Figure 7-20 shows the ultrasonic images obtained on 
an axial flaw in a PDI stainless steel practice specimen: the flaw is detected 
with various skew angles, and a high SNR can be observed. 
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Figure 7-20 Ultrasonic images of axial flaw in a PDI practice specimen. 


7.3.5 2-D Matrix Array Probes 


The Zetec/EPRI procedure prescribes both single and dual search units based 
on 1.5 MHz two-dimensional (2-D) arrays, with each array consisting of 
15 elements in a 5 x 3 matrix. Exchangeable Rexolite® wedges allow the use of 
the same array probes for circumferential- and axial-flaw inspections on all 
configurations. 
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7.3.6 Calibration Blocks 


Zetec has designed dedicated phased array calibration blocks for reference 
setting for the considered examination procedure. These blocks are available 
in both carbon steel and stainless steel, have an upper surface curvature 
compatible with the wedge curvature to ensure adequate coupling, and 
contain the following reflectors (see Figure 7-21): 


e A spherical reflector with a radius of 25.4mm, to be used for system 
delay setting. 


e¢ 3 identical, but differently oriented ID notches, to be used for the 
reference sensitivity setting of the various focal law groups. 


e Spherical bottom holes, to allow for focal law verifications on arbitrarily 
skewed beams. 
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Figure 7-21 Example of phased array calibration block. 


7.3.7 | Manual Pipe Scanner 


The manual pipe scanner is used to carry the phased array search units. It is a 
lightweight (less than 3 kg), manually driven device that can be carried and 
mounted on the pipe by a single operator. The installation procedure is 
straight forward and requires no tools. 


The scanner is made up of multiple links allowing an adjustable scanner 
fixation to fit on pipe diameters from 102 mm up to 914 mm (see Figure 7-22). 
All the links can be easily interlocked, and tightening is applied by a latch 
device on the closure link. The tightening tension can be manually adjusted, 
using a screw. 
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The scanner allows performing both axial and circumferential one-line scan 
sequences, and also bidirectional scanning sequences with either axial or 
circumferential scanning movements. Both the axial and the circumferential 
movement are encoded. 


The axial movement is provided by a slider assembly installed on the axial 
carriage link, and allows a scanning extent of 203 mm. An extension arm can 
be added to the slider assembly to increase the axial range, and/or to allow for 
inspections on conical geometries. 


Figure 7-22 Manual pipe scanner mounted on 305 mm pipe specimen. 


The circumferential movement is provided by a modular chain consisting of 
multiple links, fixed around the pipe. The complete chain contains various 
types of links: the axial carriage link, the geared link, the circumferential 
encoder link, the closure link, and different sizes of connection links. The 
connection links are in contact with the pipe surface through wheels in 
stainless steel, whereas the axial carriage link and the closure link have rubber 
wheels. 


7.3.8 | Phased Array UT Equipment 


The portable OmniScan® phased array system, with the “16 Pulser- 
16 Receiver” option, is used for recording and storage of the UT-examination 
data. The OmniScan is a lightweight (less than 5 kg), battery-operated phased 
array system that can be easily carried and handled by a single operator. The 
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equipment is extremely rugged: splashproof, shockproof, and easy to clean. 


The OmniScan offers a high-speed acquisition rate compatible with the 
multiple-focal-law setup required by the proposed examination method. The 
equipment supports dual-encoder inputs for position-encoded data 
acquisition. 


7.3.9 | Phased Array UT Software 


Focal Law Generation. The Zetec® Advanced Phased Array Calculator is used 
to generate the various focal laws as defined by the examination technique. 
This recently developed, powerful software tool supports 1-D linear arrays as 
well as 2-D matrix arrays on flat and cylindrical specimens, in both pulse- 
echo and transmit-receive configurations. 


The Zetec Advanced Phased Array Calculator offers the following tools for 
rapid and efficient generation and optimization of focal laws (see also Figure 
7-13, Figure 7-17, and Figure 7-19): 


e Database for user-defined array probes and wedges 


e 3-D visualization of the defined configuration, including the rays to the 
focal point 


¢ Detailed information about spatial position of beam exit points and focal 
points 


¢ Detailed information about individual element delays 
¢ Possibility to easily “turn off” individual elements 


Data analysis. According to the qualified procedure, the UT examination data 
collected with the OmniScan phased array system is analyzed on a PC-based 
workstation, equipped with the TomoView ™ 2.2 software. The transfer of the 
data is done by means of high-capacity (512 MB or more) CompactFlash® 
memory cards. 


The inspection procedure requires the use of more than 90 focal laws for 
circumferential flaws and more than 60 focal laws for axial flaws. Therefore, 
the detailed work procedure for data analysis prescribes the use of the 
Volumetric Merge tool in TomoView. This tool processes the ultrasonic data 
from the individual focal laws to create merged data groups, containing 
information from all focal laws in a given data recording or from a subset of 
focal laws. Thus, the amount of data to be analyzed is substantially reduced, 
without affecting the detection capability. The ultrasonic images shown in 
Figure 7-15, Figure 7-16, and Figure 7-20 are all based on merged data groups, 
and clearly illustrate the efficiency of the Volumetric Merge tool. 


In addition, through comparison of ultrasonic responses in various carefully 
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chosen subsets of focal laws, additional information can be obtained for flaw 
discrimination and characterization. 


Furthermore, the detailed work procedure for data analysis prescribes the use 
of the angle-corrected volumetric projections, overlay of CAD drawings of the 
weld configurations and the various other graphical and numerical tools of 
the TomoView software. 


7.3.10 Formal Nuclear Qualification 


The Zetec/EPRI procedure for manually driven, encoded ultrasonic phased 
array examination of homogeneous piping welds was successfully qualified 
through the Appendix VIII Performance Demonstration Initiative (PDI). The 
Zetec NDE engineering personnel performed the actual qualification exercise, 
both for data acquisition and data analysis. 


The scope of the procedure covers detection and length sizing in both ferritic 
and austenitic piping welds, for diameters 305mm and up, and a wall- 
thickness range from 15 mm to approximately 80 mm. A single set of phased 
array probes is required to perform all examinations. 


During the qualification exercise, a single operator performed all data 
recording operations: weld profile measurements; mounting of the scanner; 
setup of the phased array equipment; mounting and calibration of the various 
search units and execution of the various inspection sequences (at least 4 for 
each weld). Typically, 2 to 3 qualification specimens were examined in an 
8-hour shift, thus illustrating the efficiency of the data acquisition procedure. 


As far as data analysis and reporting is concerned, the complete procedure 
qualification was performed in less than 4 weeks, by a single data analyst. 


The qualified procedure addresses the requirements for yearly calibration 
and on-site checks of vertical linearity and amplitude control linearity of the 
phased array system. In addition, detailed guidelines are given for 
performing regular active element checks on individual array probes, and 
reference settings on the search units. 


Following the example of the previously qualified EPRI automated phased 
array procedure, it was decided that this procedure should equally be able to 
tolerate a somewhat degraded array probe, cable or system. Therefore, the 
complete qualification exercise was performed with 20 % of the elements (3 
out of 15) in each array deliberately turned-off. 


Prior to the qualification, experiments were performed to investigate the 
effect of disabling various selections of elements in the considered arrays, 
both random and potentially worst-case. The only significant effect compared 
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7.3. 


7.4 


7A, 


to the reference case (all elements “on”) was the loss of sensitivity (typically 
4 dB) due to the loss of active area of the transducer arrays. 


11 Summary 


From the work performed during the development and the qualification of 
the Zetec/EPRI encoded, manually driven, phased array procedure for 
homogeneous piping welds, the following conclusions can be drawn: 


1. 2-D phased array methodology provides improved inspection capability 
on misoriented flaws (for example, IGSCC), by allowing multiple beam 
orientations (refracted angle, skew angle). 


2. 2-D phased array methodology allows for a significant reduction of 
scanning sequences and total inspection time (typically by a factor 3), 
while maintaining excellent UT performance. 


3. Encoded, manually driven inspections, using a simple, flexible scanning 
mechanism can generate quality inspection data, allowing for reliable 
detection and accurate length sizing. 


4. State-of-the-art portable phased array hardware and advanced software 
for both focal law generation and efficient data analysis have been 
formally qualified, and is commercially available. 


Advanced Applications for Austenitic Steels Using TRL 
Probes 


This section was made available courtesy of Vincotte International, Belgium. 


1 Inspecting Stainless-Steel Welds 


The performance of ultrasonic examination techniques in stainless steel 
austenitic structures and welds, dissimilar metal welds and clad components 
are often strongly affected by the anisotropy and by the lack of homogeneity 
of the austenitic materials. The major problems encountered are beam 
skewing and distortion, high and variable attenuation, and high background 
noise. Conventional UT techniques are less applicable on these materials 
because of the very low signal-to-noise ratio usually achieved, and because of 
the uncertainty about flaw location. 


To overcome these difficulties, specific TRL (Transmitter Receiver L-wave) 
ultrasonic probes have been successfully developed during the last decade, 
generally providing the following main characteristics: focused low- 
frequency compression waves, heavy damping, side-by-side transmitter- 
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receiver configuration. 


In the past four years, the advanced TRL PA (Transmitter Receiver L-wave 
Phased Array) design has been tested, leading to the version presented here: 
it is a combination using the versatility offered by the phased array 
technology with the intrinsic advantages of low-frequency TRL transducers, 
along with the high sensitivity, short pulses, and the extended element 
cutting possibilities offered by the piezocomposite technology. 


This new TRL PA piezocomposite design allows excellent examination 
performance, even on “challenging” inspection configurations where 
optimized UT inspection capability is needed in addition to a drastic 
reduction of the inspection time. 


7.4.2 Piezocomposite TRL PA Principles and Design 


In conventional TRL search units, the effective acoustic beam results from the 
convolution of the sound fields of the separate transmitter (T) and receiver (R) 
piezoelectric elements. A quasi-focusing effect in the beam-crossing region is 
obtained, substantially improving the signal-to-noise ratio over a limited 
depth range. Furthermore, the absence of a “dead zone” permits covering 
depth ranges starting from immediately under the scanning surface.? The 
innovative TRL PA piezocomposite design showed in Figure 7-23 adds the 
beam steering and beam focusing capabilities of a 3-D matrix of elements on 
both T and R side: the beam can be skewed and focused over a large area, 
resulting in optimized and controlled beam characteristics. Moreover, the 
high sensitivity of the piezocomposite material permits working with low 
amplification, comfortably above the electronic noise, even in industrial 
environments. 


Side view Front view 


Amplitude 


Depth 


Figure 7-23 Schematic showing design of TRL PA probes and the focusing capability with 
depth. 
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The TRL PA probe acts as a series of virtual probes, presenting individual 
sensitivity and beam-width characteristic curves (see Figure 7-23). In this way, 
the specific design of the piezocomposite 3-D matrix makes it possible, if 
needed, to cover the whole thickness of a component, from the near surface to 
the inside surface, in one scanning operation, with one probe. 


The design of TRL PA requires advanced methodologies and software to 
avoid secondary (grating) lobes and also requires an evaluation of 
application-oriented beam simulations. As an example, Figure 7-24 shows the 
beam simulations of a 1 MHz probe dedicated to thermal crack detection in 
the primary loops of pressurized water reactor (PWR) nuclear power plants 
in the plane of incidence; both L-wave and S-wave beams are calculated in a 
vertical cross section located at the maximum amplitude. The absence of side 
lobes and the presence of beam symmetry are clearly visible. 
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Figure 7-24 PASS results simulation. 
Probe type: TS45 1 6C2, 2 x (3 x 11) elements, angle 0-65°, lateral skew 415°, footprint 
54 x 54 mm. 


The focal laws, corresponding to the definition of the virtual probes 
generated by a TRL PA, are calculated by means of specialized software (for 
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example, PASS, CIVA 7) or by means of integrated calculators in the UT 
acquisition and analysis software (for example, Olympus NDT’s 
TomoView™ 2 and Zetec’s UltraVision®). 


In addition, some interesting features of the TRL PA design should be 
mentioned: 


e The possibility of generating, in complement to the active laws, a straight 
longitudinal beam (0°L), allowing coupling verification, and allowing 
local thickness measurements during a scanning operation. 


e The possibility of avoiding wedge shaping, under certain circumstances 
(compensation by adapted calculation of focal laws). 


7.4.2.1 Electroacoustical Design 


The probes were manufactured by Imasonic, based on specifications supplied 
by Vingotte. The goal of this step is to define the different components to use 
inside the transducer to achieve the required performance level, indicated in 
previously defined specifications. 


The influence of these components on the transducer performances is 
simulated using software based on the KLM model or finite elements. The 
target parameters are temporal and spectral response, sensitivity, and 
electrical impedance (see Figure 7-25). Combined with this software, 
Imasonic’s database on piezocomposite materials allows precise simulation 
and very predictable electroacoustical performance. 


[ Mray ] 


Piezoceramic fraction [%] Piezoceramic fraction [%] 
Courtesy of Imasonic, France 


Figure 7-25 Influence of the materials’ percentage of ceramic on the performance of 
piezocomposite. 
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The electroacoustical design is divided into several steps, which include: 


The Active Material. Due to of the anisotropy and the inhomogeneity of 
materials to inspect, TRL PA transducers must have a good sensitivity level 
and a broadband. Moreover, in order to avoid grating lobes and to obtain 
precise beam forming, these transducers require a low cross coupling level 
between elements; the use of piezocomposite material permits improving 
these parameters. Imasonic manufactures its own 1-3 structure 
piezocomposite material, shown in Figure 7-26. 


Courtesy of Imasonic, France 


Figure 7-26 Schematic representation of 1-3 structure from Smith.2° 


The piezoelectric ceramic rods are inserted in a polymer material. The 
ceramic and the resin are chosen according to the characteristics required for 
the composite material; the geometry of the structure itself is adaptable. One 
of the characteristics of the 1-3 structure is that the percentage of ceramic can 
vary by modifying the size of the rods and their spacing. Figure 7-26 shows 
the influence of the percentage of ceramic on the performances of the 
piezocomposite, which are: 


e The coupling coefficient k; on which the sensitivity of the array depends 
e The dielectric constant e33 on which the electrical impedance depends 


e The acoustic impedance Z 


¢ The velocity of propagation in the material on which the frequency for a 
given thickness depends 


More details about 1-3 piezocomposite properties can be found in chapter 3 
and associated references. 
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A higher or lower percentage of ceramic also gives different mechanical 
properties to the composite material. The height of the ceramic rods, which 
are long compared to their lateral dimensions, causes preferential vibration 
along the thickness mode to the detriment of the radial mode. This results in 
improved electroacoustical efficiency, which gives the array a high level of 
sensitivity and high signal-to-noise ratio. 


A special piezocomposite material has been designed for the manufacture of 
TRL PA transducers; the results produce a sensitivity improvement between 
+20 dB and +25 dB, compared to the same TRL PA transducers manufactured 
in ceramic materials. In addition, the natural damping of composite materials 
allows a relative bandwidth of 70 % to 90 % to be obtained. 


In the 1-3 composite structure, the isolation of the rods within the polymer 
material enables the transverse propagation of vibrations to be reduced. In 
the context of phased array sensors such as TRL PA, this reduction in 
transverse vibrations limits the propagation of an element signal towards its 
neighbors (see Figure 7-27). 


Independent functioning of each channel is fundamental to phased array 
technology, as beam formation is based on each element of the transducer 
being driven using a precise electronic delay. The level of cross coupling 
obtained between two elements is, thanks to this technology, less than —40 dB. 


Controlled vibration Controlled vibration 
Significant parasitic vibrations Reduced parasitic vibrations 
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Figure 7-27 Cross coupling in piezocomposite 1-3 materials (right) compared with ceramic 
materials (left). 


The Backing Material. The backing material is designed to shorten the pulse 
length and attenuate the back echo. The special geometry of the TRL PA 
transducers (integrated wedges) and specially designed backing materials 
allow an interesting compromise with high damping and high attenuation in 
reduced dimensions. 
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7.4.2.2 Characterization and Checks 


TRL PA transducers are commonly used for critical inspections in sensitive 
fields of activity, such as nuclear, requiring a high quality level. In order to 
give the best possible quality, different checks are performed at different steps 
of the manufacturing. 


Checking During Manufacturing. One key point is the weld quality in the 
probe; a defect in a weld can damage one or several elements. Depending on 
the location of this weld, repair can be performed easily or not. In order to 
avoid such problems, each weld is tested during manufacture by applying a 
high voltage. 


Final Characterization. The main parameters checked during the final controls 
are: 


e Frequency (typically +10 %) 

¢ Bandwidth (typically 70 % to 90 %) 

e Cross coupling (typically <-30 dB to —40 dB) 

e Sensitivity homogeneity (typically <3 dB to 4 dB) 
e Electrical impedance 


e Wiring order: This test is performed using the time-of-flight technique, 
because of the integrated wedge, which combines roof angle and 
incidence angle. In this test, the distance between successive elements 
located on a given row and a target located on transducer front face 
increases regularly. The result is presented in a graph in the form of 
“stairs,” easily showing a wiring error. 


A probe measurement report sample is shown below (see Figure 7-28): 
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lectroacoustic measurement for the XCR n*; 
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Figure 7-28 Sample probe measurement report. 


7.4.3 Results on Industrial Application of Piezocomposite TRL PA 
for the Inspection of Austenitic Steel 


An “application” consists of a component where specific flaws have to be 
detected using specific probes, during a given scanning operation, according 
to a dedicated UT procedure. The design of an industrial TRL PA thus 
depends on: 


¢ The component. The thickness, material (cast, wrought, welded), and the 
geometry of the component will determine the maximum frequencies. 

e The flaws. The flaw geometry, through-wall position, and the orientation 
(versus the probe displacement) of the defects will give a first idea of the 
beam shape and angle. 


e The scanning technique and the UT procedure. The available space and 
scanning requirements (manual or automated with 1 or more degrees of 


Advanced Industrial Applications 351 


freedom), plus the required sizing method will help to define the probe 
manufacturing specifications (for example, 1-D or 2-D, the ability to 
generate an S-scan or E-scan, skewing ability), the acoustic aperture 
(possibly with focusing), and finally the housing outside dimensions. 


Table 7-7 illustrates a selection of piezocomposite TRL PA probes, which are 
capable of detecting and characterizing cracks by diffraction techniques in 
austenitic welds or bimetallic welds. 


Table 7-7 Types of TRL PA probes used for crack detection and sizing on specific 
components. 


Number of 
Component Wedge foot- 
: Component Freq. : Number of elements 
thickness print L x w : 
type [MHz] elements allowing for 
[mm] [mm] 
lateral skew 
Welds 
Uploe (wrought) 
Welds / safe 
Up to 35 end) 


Up to 50 te 
Primary loop, 

70 petrochem. oe = H) 
Reactor (***) 


Primary loop 


(cast) eer) 


7.4.4 Examples of Applications 


The section was made available courtesy of Intercontrole, France; Mitsubishi Heavy 
Industries, Japan; and Olympus NDT, Canada. 


The following section shows some applications on nozzles and other 
components. 


7.4.4.1 Primary Circuit Nozzle 


The purpose is to detect and size thermal fatigue cracks, situated in the region 
under the nozzle at the inside surface (ID), oriented in a radial direction 
(Probe Type TS60 1.5 6C1). Also, the probe must detect and size axial and 
circumferential cracks (with a variation of +15°) in the region around the 
nozzle (Probe Type T54516C2—see Figure 7-29 and Figure 7-30). The 
inspection is performed from the outside surface of the primary circuit. The 
base material is wrought stainless steel (WSS). Usually, a full-penetration 
weld is present. 


352 Chapter 7 


The validation blocks contain EDM notches (heights from 2 mm to 25 mm), as 
well as real fatigue cracks and welds. The orientation of the reflectors is not 
only axial and circumferential, but also intermediate. 


Figure 7-30 Probe type TS45 1 circuit. C2, 2 x (3 x 11) elements, S-scan angles from 35-65°, 
able to generate 0-degree L-wave, footprint 54 x 54 mm. 


Detection of radial cracks under the nozzle is performed by rotational scans 
(see Figure 7-31). The probe performs a circular movement around the nozzle, 
while maintaining a fixed relative orientation. A set of 12 laws is created in 
order to have an optimal insonification of all possible orientations of ID radial 
reflectors. Consequently, these 12laws have variable refracted angles, 


Advanced Industrial Applications 353 


variable skew angles and variable focal depths. The wedge shape is flat. The 
small water gap easily transmits the ultrasonics, since it is small compared to 
the wave length of the UT signal. In order to have a verification of the 
coupling quality, a 0° law is also added. The detection capabilities are 
illustrated in Figure 7-32. Signal-to-noise ratios between 20 dB and 35 dB are 
observed for radial ID EDM notches with dimensions of 10 mm x 60 mm. 


Figure 7-32 Detection of an ID radial EDM notch in the region under the nozzle. 


Once a radial crack has been detected under the nozzle, a local raster scan (see 
Figure 7-33) is performed to confirm the detection and to characterize the 
defect. The scanning direction and the ultrasonic probe are oriented in a fixed 
and optimized orientation in order to insonify the radial reflector in the best 
possible way. The laws used here have no skew, but during calculation of the 
laws the local interface (which can be randomly oriented) is taken into 
account. The characterization capabilities are illustrated in Figure 7-34. 
Signal-to-noise ratios between 24 dB and 41 dB are observed for radial ID 


354 Chapter 7 


EDM notches with dimensions of 10 mm x 60 mm. 
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Figure 7-33 Definition of a raster scan with fixed orientation for characterization of ID radial 
cracks in the region under the nozzle. 


Direction of Increment 


Figure 7-34 Characterization of an ID radial EDM notch in the region under the nozzle. 


The region around the nozzle is inspected for axial and circumferential cracks 
(with a variation of +15°). Axial and circumferential raster scans (Figure 7-35) 
are performed with a single TRL PA probe (type TS45 1 6C2). A set of 10 to 
13 laws is applied in each acquisition, in which the refraction angle varies 
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between 35° and 60°, while the skew angle is swept from —15° to +15°. The 
latter is necessary to guarantee that axial and circumferential cracks with a 
misalignment up to 15° are still optimally insonified. 


Also a 0° law is added to verify the coupling quality. The focal law calculation 
takes into account the local interface. The detection and characterization 
capabilities are illustrated in Figure 7-36. Signal-to-noise ratios between 16 dB 
and 43 dB are observed for axial and circumferential ID EDM notches with 
heights that vary between 5 mm and 25 mm. 


FLOW 


Figure 7-35 Definition of axial raster scans for detection and characterization of ID radial 
cracks (variation of 15°) in the region around the nozzle. 


ORNER REFLECTION 


JODE CONVERSION 


Figure 7-36 Characterization of an axial ID EDM notch in the region around the nozzle. 


The objective is to detect and size cracks situated between the inside surface 
(ID) and the outside surface (OD), with automated raster scanning from the 
ID using a single probe (shown in Figure 7-37). 
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Figure 7-37 Probe Type: TS55 1.5 6C1, 2 x (2 x 16) elements, angle 30- 90°, footprint 
54mm x 54 mm. 


The detection capability of ID circumferentially oriented defects, simulated 
by EDM notches, is illustrated in Figure 7-38 (notch width=0.3 mm, 
length = 25 mm, ranging from 1mm (CS3) to 15.4 mm (CS7)). The signal-to- 
noise from the ID EDM notches ranging from 0.3-15.4 mm depth is shown in 
Figure 7-39, 


Figure 7-38 Scan of sample EDM notches. 
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Figure 7-39 Signal-to-noise from axial EDM notches as a function of size and skew. 
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The detection capability on OD circumferentially oriented defects on a 
demethanizer, simulated by EDM notches, is illustrated in Figure 7-40, where 
the tip diffraction is indicated (notch width=0.3mm, length=25 mm, 
ranging from 1 mm to 15.4 mm). 


Figure 7-40 Scans showing detecting and tip-diffracted signals from circumferential notches. 


7.4.4.2 Examination of Demethanizer Welds 


The examination is specified by ASME B&PV Code Section VIII Div. 1, for an 
X-demethanizer weld made of stainless steel SA240 TP304, with a 
“semi-automated one-line scanning” operation performed from the OD by 
means of two probes, as shown on Figure 7-41 and Figure 7-42. 
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Figure 7-41 One-line scanning operation (displacement along the weld). Weld inspected by 
2 probes opposite each other, covering the volume with multiple focal laws. 


Figure 7-42 Probe type: TS45 1 6C1, 2 x (2 x 11) elements, angle 30-85°, footprint 
54mm x 54 mm. 


All the ASME calibration reflectors (side-drilled holes and ID and OD 
notches) were detected, and 100% of the volume covered in one single 
operation. In this example, TRL PA is used ‘in lieu of radiography,’ resulting 
in cost reduction, in more flexible time planning, and in an increased 
reliability of the inspection. 


The probe size and frequency were adapted to the wall thickness. Refraction 
angles and focal depths were adapted to the width of the weld crown. Figure 
7-43 shows the detection of lack of fusion in an austenitic weld with a wall 
thickness of 15 mm. In the upper-left corner, a 0° law verifies the quality of 
the coupling. 
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Figure 7-43 Detection of a lack of fusion in an SS weld with a single-line scan (wall 
thickness = 15 mm). 


7.4.5 Summary 


1. Piezocomposite TRL PA probes are specially suited for the inspection of 
stainless steel. They show improved detection and sizing capability 
compared to single arrays and allow optimized inspection parameters 
and increased flexibility compared to standard TRL probes. 


2. The industrial applications are various and cost-effective due to time 
saving, or the opportunity to replace radiography. 


3. In nuclear environments, the radiation doses of the operators can also be 
drastically decreased by the reduced time of probe manipulation. 


More information regarding inspection with TRL PA probes can be found in 
references 9 and 11. 


7.5 Low-Pressure Turbine Applications 


This section was made available courtesy of Ontario Power Generation, Inc., Canada. 


The following examples are given for advanced applications on low-pressure 
turbine components, using PAUT: 


e Disc-blade rim attachment for 850 MW General Electric-type 
turbine!?- 25 
¢ L-0 and L-1 rotor steeple grooves for GEC Alstom 900 MW turbines?6-33 
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7.9.1 


PAUT Inspection of General Electric-Type Disc-Blade Rim 
Attachments 


PAUT application for stress-corrosion crack detection in disc-rim attachment 
is complicated by the following factors: 


Discs have complex shapes (see Figure 7-44). 


Crack orientation is closer to the specular reflection, so the sizing 
capability in a single scan is unreliable for small SCC. 


Inspection must be performed at high productivity (for example, 
10 discs / rotors in 1-2 days. 


Data analysis must be made in real time. 


Scan length is about 7,000 mm and PAUT hardware and software must 
acquire and analyze large data files (file size = 300-800 MB). 

High reliability is required to compete with magnetic particle testing 
when the rotor is debladed. 


There is a lack of drawings and mock-ups and little cooperation from the 
OEM (GE). 


The ECA defects are stress-corrosion cracks (SCC) located at the “tip” of the 
disc hook (see Figure 7-45). Critical defect height is about 3mm and the 
aspect ratio may vary from almost 1:1 in the locking groove area to 10:1 along 
the disc circumference. Defects with height > 1.5 mm must be detected. 


Figure 7-44 Examples of complex disc rim shapes for disc 1, disc 2—4, and disc 5 of 900 MW 


GE turbine. 
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Figure 7-45 PAUT principle of SCC detection in the disc-rim attachment. 


Inspection and Maintenance Services (IMS) of Ontario Power Generation Inc. 
has developed and commissioned a very reliable and productive system, 
capable of inspecting 10 discs in one day. Sizing requires an extra day using a 
different setup and raster scanner, which interfaces with the main dual-arm 
manipulator. The technical problems were solved based on the following 
activities as part of a reliability process: 


Validation 


Literature search 

Technical support from EPRI 

“Ray-tracing simulations” 

Special probe design to accommodate the disc rim configuration, build a 
split cable capable of simultaneously activating two probes to inspect 
three hooks/side 

Design and commission a double-arm special manipulator 
Reverse-engineer the disc rim and manufacture the mock-ups for all five 
discs 

Training and validation on real retired-from-service discs installed in the 
rotating frames, 

Validation on real SCC and EDM notches with a large range of sizes, 
shapes, and locations 
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Diversity 


Sizing based on raster scans with the XY FO1 manipulator attached to a 
single arm of the custom manipulator 


Use of L- and S-wave combinations 


Use of high-frequency 64-element probes for better lateral and axial 
resolution 


Use of 0.2° angular resolution and double S-scan 


Redundancy 


Multiple angles for detection 

SCC confirmation using the skip 

Data analyzed by three experts 

Combining detection data with sizing data for crack final parameters 
Plot data into 2-D and 3-D disc rim drawing 


The project started in 1999, when TomoView'™ 1.4R6 and the later version 
1.4R9 software programs became available. The main hardware was 
Tomoscan FOCUS™ 32:128 DDF. R/D Tech was asked to develop the group 
and multiprobe features, so multiple inspection zones from disc rim hooks 
could be displayed in a single S-scan view (see Figure 7-46). 
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Figure 7-46 Example of TomoView 1.4R6 S-scan and B-scan data display of disc no. 4 for all 


6 hooks (3 hooks on the inlet side and 3 hooks on the outlet side). 
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The scanning speed and setup were optimized during the 2001-2003 period, 
when TomoscanIITPA and TomoView'™ 2.2R9 were available. Data 
compression, multichannel, and DDF features were used for a better 
sampling rate and faster acquisition speed. Figure 7-47 presents the double- 
arm manipulator commissioning on a mock-up. 


Figure 7-47 Example of lab commissioning for dual-probe manipulator on disc no. 4 mock-up 
with a diversity of targets. 


Figure 7-48 to Figure 7-54 illustrate aspects of commissioning and system 
performance to detect and size a large variety of targets, and to distinguish 
between linear defects and corrosion pits. 


Figure 7-48 Example of EPRI mock-up reflector located in a retired-from-service disc 
segment. Note the corrosion pits and small excavations for SCC (left). Detection and sizing 
small defects (3.2 mm x 1.6 mm and 6.4 mm x 3.2 mm) in disc no. 4—EPRI mock-up using 

DDF features (right). 
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Figure 7-49 Example of detection of three EDM notches (10 mm x 1 mm, 10 mm x 2 mm, and 
10 mm x 3 mm) in retired-from-service disc no. 3 from TVA. 


Figure 7-51 Example of FOCUS instrumentation using split cable 2:1 (left), and encoded 
calibration for a single probe (right). 
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Figure 7-52 Example of target diversity (top) and TomoView™ 2.2R9 S-scan and B-scan 
displays for the probe calibration (detection sensitivity) for three hooks of disc no. 4 (bottom). 
Note the target diversity along a 290 mm encoded scan. 


Figure 7-54 Example of sizing display with TomoView™ 1.4R9 using the high-gain S-scan 
group and skip angles for SCC confirmation. 
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Figure 7-55 and Figure 7-56 illustrate some aspects of the field application of 
PAUT for disc-rim inspections. 


Figure 7-55 Example of field inspection with double-arm manipulator on disc no. 2 turbine end 
(left) and a close-up (right). 


Figure 7-56 Example of B-scan images of corrosion pits and SCC colonies. 


Data plotting (S-scans and B-scans) onto 2-D and 3-D disc layouts is 
presented in Figure 7-57 and Figure 7-58. 
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area. 


Figure 7-58 Example of 3-D data plotting for detection (/eft) and confirmation (right) setups. 


The advanced scanning system and dual-arm manipulator proved to be a 
reliable inspection tool, with high productivity (10 discs/shift), high 
reliability, and real-time data analysis. Diversity and redundancy in sizing 
and SCC confirmation versus corrosion pits contributed to the use of PAUT; 
in conjunction, the EPRI LPRimLife FESA assisted in a reliable ECA for life 
management of low-pressure turbine GE discs. The flexibility/versatility of 
the dual-arm manipulator and the possibility of using phased array probes in 
tight clearances using the arm contributed to expanding the PAUT 
applications to disc-bore inspections of Siemens-Parson low-pressure 
turbines (see Figure 7-59). 
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Figure 7-59 Examples of single-arm PAUT inspection using dual-arm manipulator for disc 
bore and peg hole of 580 MW Siemens turbine. Top-left: the inspection design concept; 
top-right: ray tracing for the peg hole inspection; bottom-left: disc bore inspection in the 


maintenance shop; bottom-right: close-up of manipulator arm between two discs carrying two 


7.5.2 


probes. 


Inspection of GEC Alstom 900 MW Turbine Components 


Over a 5-year period, IMS developed and commissioned automatic PAUT 
systems for the inspection of rotor steeple grooves of 900 MW Alstom-type 
turbines.2°9 The challenges are listed below: 


Complex shapes (see Figure 7-60) 
Limited access (see Figure 7-61) 
Contact surface could be corroded or encrusted with by-products. 


Small targets are located along the stressed hooks; 90-100 % inspection 
coverage required. 


Inspection should be performed in situ, within a short outage window. 
High reliability and high productivity is required. 
Real-time data analysis and on-line data reporting is required. 
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Figure 7-60 L-0 (top) and L-1 (bottom) rotor steeple grooves required PAUT in-situ inspection. 


Figure 7-61 Surface condition and access surfaces for L-0 (left) and L-1 rotor steeples. 


Based on finite element stress analysis performed by the OEM, possible 
fatigue or stress-corrosion cracks are located in the upper part of the hooks, 
perpendicular to the hook wall (see Figure 7-62). 
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Figure 7-62 Defect locations on L-0 (left) and L-1 steeple hooks (right). 


IMS took the same approach to build a reliable PAUT inspection system: 


Validation 


e Simulated scanner trajectory 


e Inverse-forward inspection, which optimized the probe scanning pattern 
and the focal laws 


e Developed the 4:1 junction box 

e Patched condition (angular) 

¢ Position-dependent acquisition 

e Reverse-engineering the mock-ups 

e Made suitable reference blocks and crack-like 3-D EDM notches 

e Validated the scanners on the rotator to simulate the field conditions 
e Designed and commissioned special linear array probes 


¢ Combined manual with automatic scanning to cover the required hook 
length 


e Performed three field trials to evaluate and improve the system 
performance 


e Undertook performance demonstration for defect detection, sizing and 
equipment substitution 


¢ Developed and qualified acquisition and analysis procedures 
e Trained and qualified the technicians 
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Diversity 


¢ Confirmed defect sizing independent of detection 
¢ Combined L-and S-wave techniques 


Used a high angle and multichannel setup for crack evaluation 


Used dual probes for automatic crack sizing (shadowing effect) 


Redundancy 


e Developed a defect pattern recognition approach 


¢ Data analysis performed independently by first, second, and resolution 
analysts 


e Used 2-D and 3-D plotting capabilities 

e Used ray tracing to justify/explain specific data display 

e Assured peer review of data 

e Used technical export and support during in-situ inspection 
e All major calls reported to station and analyzed by a team 


Some advanced development tools used in this project were: 


Multiplex box AUX 833A 4:1 

4-head scanner 

Angular scanning and position-dependent acquisition 
Multichannel analysis 


Side technique using back-scattered diffracted signals 


Ds. Te ON 


Specialized linear array probes 


The main characteristics of linear array probes used for detection are listed in 
Table 7-8. 


Table 7-8 Main technical features of phased array probes used for detection in L-O and L-1 
steeple inspection (automated and manual). 
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Examples of commissioning aspects are presented in Figure 7-63 to Figure 
7-76. 
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Figure 7-63 Example of ray tracing probe trajectory for detection defects on hook 5, convex 
side (top), and B-scan data display for scanner validation (bottom). 
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Figure 7-64 Example of probe-defect simulation for side technique on L-1 steeple. 
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Figure 7-65 Example of angular scanning for L-1 steeple inspection on hook 1 and hook 3 
(principle). Two files are saved/scanned for hook 1 and hook 3 in a single scanning setup. 
Scanning time for 4 steeples —about one minute per side. 
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Figure 7-66 Example of Microsoft® Excel® sheet output of probe scanning length versus 
defect position for shear waves (left) and longitudinal waves (right). 


The red vertical lines of Figure 7-66 show the probe movement position on the 
steeple side, covering defects in the range 10-30mm (probe 43-60T), 
respectively 10-90 mm (probe 23). 
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Figure 7-67 Example of laboratory evaluation on PDI blocks for equipment substitution for 
probe 43 in combination with OmniScan® instrument for L-1 steeple inspection. 


P43-60T-PDI EVALUATION. OPS 
L-+1 REF BLK D-5 
Omni Scan MX 105659-04 
Hook 1Noteht (complex notch depth = 10mm; iength = 3mm; width =1mm) 
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Figure 7-68a Example of data analysis for equipment substitution—Probe 43 + 60T family 
(see Figure 7-74) for detection, location, gain sensitivity, SNR, and sizing of 3-D complex 
notches on L-1 PDI coupons. 
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P43-60T-PD! EVALUATION. OPS 
L-1 REF BLK D-6 
Omni Scan MX 105659-12 
Hook 3 notch2 (Complex Notch depth = 30mm; length = 6mm; width = 2mm) 
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Figure 7-68b Example of data analysis for equipment substitution—Probe 43 + 60T family 
(see Figure 7-74) for detection, location, gain sensitivity, SNR, and sizing of 3-D complex 
notches on L-1 PDI coupons. (Cont.) 


Figure 7-69 Example of L-1 steeple reference blocks and multipurpose mock-up. 
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Figure 7-70 Example of three probe positions (/eft) and data display (right) corresponding to 
these positions for side technique on L-1 steeple PDI target 6 mm x 2 mm located on hook 1 
at 10 mm. 


Figure 7-71 Example of defect confirmation and sizing using 3.5 MHz probes with 
TomoView™ 1.4R6 (1999)—target size: 3 mm x 1 mm (left), and with TomoView 2.2R9 
(2002)—target size: 4 mm x 1.5 mm (right). 


Figure 7-72 Example of target diversity on L-0 steeple convex side block C-drive end. 
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Figure 7-73 Example of target diversity for L-O steeple procedure validation. 


Figure 7-74 Examples of reverse-engineered L-1 steeple mock-up (left side) and L-0 steeple 
mock-up (right side) used for manipulator commissioning. 
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Figure 7-76 Example of data display for shear-wave probe 43 on PDI block with complex 
target 6 mm x 2 mm located at z = 10 mm. 


After a complex validation, the systems were used in the field for in-situ 
inspection. Examples of field applications are presented in Figure 7-77 to 
Figure 7-88. 


Figure 7-77 Example of variety of reference blocks used for in-situ inspections. 
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Figure 7-78 Example of calibration for L-0 steeple concave side using multichannel function 
and 4:1 multiplex box. 


Figure 7-79 Example of optimization of the probe setup in the lab (left) and calibration data 
display for L-1 steeple using four probes on four-steeple reference blocks (right). 
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Figure 7-80 Example of field in-situ inspection for L-0 steeple (/eft) and L-1 steeple with 
4-head scanner (right). 
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Figure 7-82 Example of crack detection, confirmation by magnetic-particle testing, and 
steeple repair by grinding on L-0 steeple hook 1 concave. 
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Figure 7-83 Examples of field activities from in-situ manual inspection using magnetic 
templates and OmniScan® on L-0 steeple, and manual shear waves on inlet side (top), plus 
automatic 4-head scanner on outlet side for L-1 steeple (bottom). 


Figure 7-84 Example of crack detection and sizing using double channel and TomoView™ 
data display for probe no. 1 and no. 2. 
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Figure 7-86 Principle of confirmation with a slim probe for defect on hook 1 (L-1 Steeple) [left]; 
probe 19 in the field (right). 


Figure 7-87 Example of defect confirmation on hook 1—L-1 steeple with probe 19. 
TomoView™ 1.4R6 data display (left) and multichannel TomoView 2.2R9 (right). 


Figure 7-88 shows an example of 3-D data plotting and defect reconstruction 
for a crack. 
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Figure 7-88 Example of 3-D data plotting and defect reconstruction for a crack located on L-0 
steeple-hook 1, concave side. 


The overall sizing performance for L-0 and L-1 steeples is presented in Table 
7-9 and Figure 7-89. 


Table 7-9 Capability demonstration during the commissioning and repeatable validation for field 
applications [1999-2006]. 


Detection Accuracy 
Year ABB item ee en [+ mm] Remarks 
Length | Height 
Min. detection: 9 x 0.15 mm 
staid L-0 Steeple ae aoe 1 0.5 4 crack-like on hook 1 and 
Jan. 4 15-H2 
hook 2 


1999 / 9x 0.5-H1 Min. detection 9 x 0.15 mm 
beisieeple 9x1-H2,H5 Special plotting for location 

9x0.5-H1 Min. detection 9x 0.15 mm 
L-0 Steeple 15 0.5 4 Special plotting for location; 

9x 1-H2, H5 

manual at the end of outlet 

Automated scan — 4 items 
L-1 Steeple | 4x 1.5-H1 1.8 3 Simultaneously; manual PA 

in parallel 
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Table 7-9 Capability demonstration during the commissioning and repeatable validation for field 
applications [1999-2006]. (Cont.) 


Detection Accuracy 
Year ABB item fix Hi aon [+ mm] Remarks 
Tenath 


5x05-H Crack-like 3-D EDM and 
field cracks; defect 
9x 0.9 - H2 ae : . 
L-0 Steeple 9x2-H3-H4 -0.4 recognition vs. pits; combine 
2001- 


Crack-like 3-D EDM notches; 
2006 es 
defect recognition pattern vs. 
3x 1-Hland geometry and pits; combine 4 
lene: H3 , automatic scans (patch 
condition) with 6 manual 
scans 


HEIGHT ACCURACY LENGTH ACCURACY y= 0.00em-02813 


y = 0.9693x + 0.338 ia 


ACTUAL HEIGHT [mm} 
ACTUAL LENGTH [mm ] 
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PAHEIGHT [mm] PA LENGTH [mm] 


Figure 7-89 Overall accuracy for crack height and length sizing (combination of automated 
and manual inspections on both L-0 and L-1 steeples). 


In conclusion, IMS designed, developed, and commissioned advanced PAUT 
in-situ inspection systems based on ECA for both rotor-steeple rows. The 
systems are both reliable and very productive for Darlington Generation 
Station. The systems are capable of performing large-scale inspections at 
thousands of locations, and data is analyzed in real time. 


All defects called by PAUT were confirmed by magnetic replica, magnetic 
particle testing, or by grinding. Advanced data plotting is helping the 
operators and station engineering to understand how PAUT works on these 
complex shapes and what the relationship is between scanner movement, 
probe position, multibeam S-scan, and the defect location. 
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7.6 Design, Commissioning, and Production Performance of an 
Automated PA System for Jet Engine Discs 


This section was made available courtesy of University of Dayton Research Institute, 
USA. 


This section presents the specific aspects of designing, commissioning, and 
evaluation of the production performance of a fully automated phased array 
system developed by UDRI engineers. This system was designed to detect 
and classify embedded defects in rotating gas turbine engine components for 
the US Air Force.544! 


7.6.1 — Inspection-System Design Requirements 


UDRI engineers designed an automated phased array system to be used for 
depot level inspections of rotating turbine engine components. The required 
inspection system needed to be versatile, so that it could accommodate the 
varied inspection requirements of the Air Force’s aging fleet of engines, as 
well as the range of turbine engine disc sizes and geometries. 


The system needed to be fully automated, following the design philosophy 
instituted with the US Air Force Retirement for Cause (RFC) Eddy Current 
Inspection System (ECIS), based on a scan plan. Execution of the scan plan 
results in a fully automated inspection process producing engine component 
accept/reject decisions based on probability of detection (POD) information. 
The issues related to POD for embedded defects were detailed in chapter 6. 


In addition, use in a depot maintenance facility required that the system be 
rugged and easily maintained, using commercial, off-the-shelf, proven 
technology. When the proposed system became fully integrated into the Air 
Force maintenance facility, there would likely be multiple similarly 
configured inspection systems all running scan plans to inspect the same 
engine components. 


Scan plans for the new inspection system must also be portable, running 
without change on any equivalently configured inspection system. UDRI 
recognized that the design of this new production inspection system must 
incorporate, from the ground up, components which have demonstrated 
reliable, repeatable and robust performance under a variety of conditions, 
while remaining flexible enough to incorporate advances in technology as 
they become available. 


The new system design made use of technological advances available in 
many different industrial applications. A schematic representation of the 


386 Chapter 7 


original system design is shown in Figure 7-90, with a list of the major system 
components. Technology never before used in an automated, immersion, 
ultrasonic inspection system included a six-axis robot manipulator, automatic 
probe changing, rotating water tank, digital camera imaging system, and 
phased array ultrasonics. 


Figure 7-90 General design concept of immersion system for rotating components of jet 
engine. 


The technological innovations of the Turbine Engine Sustainment Initiative 
(TESI) system design are: 


Robotic Accuracy. One important component of the TESI system, the robotic 
controller, underwent extensive improvements over the course of the 
program. Under the TESI program, the accuracy of the robotic controller was 
improved to be less than 0.75mm/1m of travel. This represents an 
improvement of more than an order of magnitude over the inherent accuracy 
of as-received robots. The accuracy improvements enabled the robotic system 
to position probes as accurately as a conventional gantry-style system. This 
opened up the possibility of accurately positioning the probe so that 
longitudinal and shear-wave ultrasonic inspections could be performed for 
almost any feature of an engine disc. 


The accuracy of the robotic manipulator is defined beyond the end of the 
robot arm to the face of the ultrasonic transducer on the TESI system. Each 
probe/transducer assembly used on the TESI system contains a memory chip, 
which stores not only probe setup information, but also coordinates 
transformation information allowing the robot to move relative to the face of 
the ultrasonic transducer, not the attachment point. 


Cylindrical Rotating Water Tank. Because the industrial robot is very flexible in 
manipulating the transducer and supports automated probe changing, the 


Advanced Industrial Applications 387 


immersion tank does not have to be physically connected to the mechanical 
manipulator. This allows the choice of a water tank that ‘fits’ the test objects— 
in this case cylindrical engine discs. A commercial source of large diameter, 
cylindrical, acrylic fish aquariums was used. 


By limiting the amount of water in the tank (due to a smaller volume than 
traditional systems) and separating the tank from the mechanical 
manipulator, new approaches to using turntables were possible. UDRI settled 
on an industry-standard, precision turntable that could rotate the entire water 
tank. With a moderate size test object, and the tank filled with water (about 
600 L), the total mass rotating was less than 800 kg. Testing showed that an 
immersed 300 kg object could be rotated at 25 rev/min. Positional accuracy of 
the turntable, and thus the engine disc, is ~0.005 degrees. 


Probes. The UDRI ultrasonic system incorporates automated probe changing 
using mechanical couplers commonly found in the robotics industry. This 
probe-changing capability means that many different probes can be used in 
an inspection process, not only for generating ultrasonic energy, but also to 
accomplish other tasks that strengthen the NDT process. Some of these 
“supporting” probes include machine-vision probes, touch probes, and water 
squirters. 


Phased Array Ultrasonic Probes and Instrumentation. UDRI has chosen 5 MHz 
and 10 MHz linear array transducers containing 128 elements to be used in 
this system. Use of electronic scanning and beam focusing allows for engine- 
disc bore geometries to be inspected in a single revolution of the turntable, 
without indexing the transducer across the object. The ability to focus at 
multiple depths using the same array transducer and water path has 
improved throughput by eliminating the need to change transducers as 
required for many conventional inspections. 


Collision-Avoidance Technologies. Several features have been built into the 
system to avoid damaging collisions between the robot and other objects and 
to minimize damage in the event of a collision. 


e The first collision-avoidance feature is based upon defining separate 
areas of movement, called “work cells” or “frames” in the system. Several 
frames are defined: the water tank, the calibration tank, and the probe 
pick-up station. An inspection designer can program movements of the 
probe anywhere desired within the inspection tank, but the system 
computer defines and controls movements of the probe beyond the limits 
of each cell. The limitations on range of movements combined with the 
use of thoroughly tested software for frame-to-frame movement helps 
reduce collisions. 


e The second collision-avoidance feature is the use of engine-disc 
recognition techniques to survey the inspection tank at the beginning of 
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each inspection. The techniques involve using either the machine vision 
probe or a touch probe to ensure that the correct engine disc has been 
loaded by the operator, and that the correct side of the disc is facing 
upward. With these two conditions verified, the inspection can proceed 
with high confidence that collisions between the ultrasonic probes and 
the engine disc will not occur. 


e The third collision-avoidance mechanism is the incorporation of a 
commercially available ‘break-away clutch’ between the end of the robot 
arm and the probe connector. This clutch disengages if the probe 
encounters forces in any direction and automatically stops the robot-arm 
motion. The disabling force can be adjusted during an inspection to 
provide very sensitive collision detection while the probe is near an 
engine component, and less sensitivity when the probe is being quickly 
moved along ‘known clear paths’ between work cells. After the clutch 
“breaks away’ it can be reset with an alignment accuracy of better than 
0.025 mm. 


Graphical User Interface. Historically, scan plans for other inspection systems 
require the scan-plan creator to write software commands to control the 
manipulation of the probe around the part. Under the TESI program, a 
graphical-user interface was developed that automatically creates the scan 
plan using a mouse to present desired features on a cross-sectional view of 
the inspection piece. The scan-plan graphics are based on a CAD drawing of 
the part and probe tool. 


From these drawings, the scan-plan writing application creates the necessary 
robot commands to accurately position the probe with the desired orientation 
relative to the part. These robot commands are then stored in the scan plan, 
and are recalled and sent to the robot controller during scan-plan execution. 
This method of scan-plan writing allows true off-line programming of 
inspections, but it also requires highly accurate probe-positioning capability 
and system-configuration control. 


After an inspection is completed, the results are made available to the system 
operator using another graphical software application. Three-dimensional 
representations of the test object are shown to the operator with the locations 
of defects accurately placed within the object. Thus, operators quickly and 
easily see exact locations of the defects relative to the features of the test 
object. Accuracy of defect placement within the part geometry has been 
shown to be true to within 1 mm. 


7.6.2 System Commissioning 


Development, Integration, and Performance Demonstration. The TESI inspection 
system was developed in several stages. In the initial phase, UDRI was 
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contracted to create the system design based on NDT needs of the US Air 
Force for inspecting Air Force fighter and transport engine components. The 
original design concept is shown schematically in Figure 7-90. 


Shortly after completing the design document, funding was secured for the 
creation of the first brassboard-inspection system at UDRI based on the 
preliminary design. Acquisition and integration of the system components 
progressed for the next 18 months with very few hardware changes from the 
specifications in the original design document. 


During this time, the foundations for the software architecture, the 
automation philosophy and details of computer control and database 
networking were defined, and basic functions were tested. An approach for 
integrating phased array ultrasonic commands into the inspection system 
automation software was developed, and a process for conducting automated 
inspections tested. In May 2003, the soundness of the fundamental design 
was validated during a functional demonstration of the brassboard system 
conducted at UDRI. 


This first demonstration showed important capability such as: an automated 
ultrasonic inspection of a turbine-engine bore geometry, automated tool 
changing, part centering, ultrasonic-data acquisition, and defect detection 
and location within a 3-D graphical representation of the part geometry. 
Processing of the acquired data was performed at the completion of the 
inspection, followed by a display of the part accept/reject status. Figure 7-91 
shows the brassboard system as demonstrated at the first functional 
demonstration. 


Figure 7-91 TESI brassboard system demonstrated at the first functional demonstration in 
May 2003. 
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The flawless execution of the first fully automated scan plan not only 
demonstrated that the radical system design contained the basic capability to 
perform the required inspections, but it also showed the design team that 
significant improvements were necessary to perform fully automated 
inspections. Enough changes were required to continue further development 
of the system that construction of a new prototype system needed to start 
from scratch, based on a new specification, which incorporated the lessons 
learned from the brassboard design. Additional funding was secured for the 
creation of two preproduction prototype systems, the first of which was 
designated for installation at an Air Force maintenance depot. The second 
prototype system was to be installed at a commercial inspection facility. 


In September 2004, the capability of the prototype TESI systems was 
demonstrated during a formal Air Force sponsored Advanced Technology 
Demonstration (ATD) event. The two new prototype systems demonstrated: 


¢ advanced ultrasonic-inspection automation capability, which included a 
vision system used to identify and center the part; 


¢ automated verification of probe alignment and gain calibration; 


¢ inspection of flat and curved geometries using phased array electronic 
scanning and beam steering capability; the first use of a mirror on a linear 
array probe to inspect hidden surfaces; and 


e the first use of a graphical user interface for scan-plan writing and 
analysis of database results. 


System performance was demonstrated by conducting inspections of three 
turbine-engine discs, each containing machined targets. Results of the three 
engine-component scan plans demonstrated sufficient capability within the 
TESI system for satisfying the system requirements when conducting 
inspections of serviced engine components. 


Final acceptance of the TESI system for turbine-engine inspections required 
demonstrating conformance to legacy system requirements originally created 
to qualify gantry systems using conventional fixed-focus ultrasonic probes. 
The specifications needed to be redefined to allow the demonstration of 
sufficient capability using a six-axis robot and phased array ultrasonics. 


Overcoming conflicts in qualification requirements, such as these, can be 
difficult, especially when time-honored methods for testing have become 
accepted and unquestioned for many years. It was only through good 
communication between the system developers, the Air Force customer, and 
engine manufacturer NDE engineers, that progress could be made. As a 
result of discussions with the manufacturer of the robot controller, and the 
development of new algorithms and processes by UDRI researchers, test 
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methods were developed, which could be used to demonstrate compliance 
with system accuracy requirements. 


In the end, the test methods developed to assess robot accuracy produced 
data that showed conformance with established system mechanical accuracy 
requirements. As an added benefit, these same test methods could also be 
used to monitor system health and to diagnose problems when the system 
was not performing properly. 


The next six months were spent preparing the system, software, and scan 
plans for production-level inspections. The nearly continuous operation of 
the prototype systems with different engine components tested the 
robustness of the design. Comparisons between engine component inspection 
results obtained on the TESI robotic system and conventional ultrasonic 
inspection systems confirmed that the sensitivity levels met the intent of the 
service bulletins for the engine components tested. 


In addition, the location of machined targets within the components was used 
to verify automated image processing and defect-locating algorithms used in 
the system. After demonstration of the TESI system performance the first 
system was approved for delivery to the AF maintenance depot at Tinker 
AFB in Oklahoma City, OK, and the second system to a commercial 
inspection facility in southwest Ohio. Six days after delivery of the system 
components at the final destination, UDRI had installed the system and was 
running working scan plans on engine components. A photograph of the 
TESI system installed at a commercial inspection facility is shown in Figure 
7-92. 


7.6.2.1 Implementation of Automated Phased Array Probe Alignment 


Integration of phased array ultrasonics into the TESI system required 
complete automation of the probe alignment and calibration processes 
traditionally performed by the operator. These processes, although routine 
for an operator, determine the sensitivity and repeatability of each inspection. 


Ultimately, qualification of the TESI system for use in production was based 
in part on the robustness and repeatability of the alignment and calibration 
data generated by successive runs at all three inspection facilities. The 
following discussion presents the approach taken to perform routine probe 
alignment and calibration on the TESI system. System performance data 
taken on the production systems after installation are presented in 
section 7.6.3. 
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Major system components: 

— Staubli 6-axis robot 

— ARC MotionCube controller 

— Olympus NDT Tomoscan III 
phased array instrument 

— Olympus NDT phased array 
transducers 

— UDRI custom alignment and 
calibration blocks 

— UDRI station operation and 
control software 

— Laser safety scanner 


Inspection Station ——_ Ultrasonic Instrument 
Computer Computer 


Figure 7-92 TESI preprototype inspection system installed at a commercial inspection facility 
in southwest Ohio, USA. 


In contrast to a conventional circular ultrasonic transducer, alignment of a 
linear array with respect to the specimen requires angle and position control 
in all six degrees of freedom. A schematic of the linear array coordinate 
system is shown in Figure 7-93. Each time a probe is picked up by the robot, a 
check is made of the probe alignment at the face of the transducer. The 
positional accuracy is measured by comparing inspection results obtained 
from an alignment check block, which contains machined targets to standard 
values. If the current measurements do not meet the accuracy tolerances set 
within the scan plan, the inspection is aborted. Angular alignment checks are 
performed by firing single elements and focused beams and calculating the 
desired orientation from either time-of-flight (TOF) data or robotic position 
when the peak amplitude from a reflector is achieved. Positional accuracy is 
calculated from TOF from a flat surface and C-scans of FBH targets whose 
position in space is known accurately from machine drawing. 
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Figure 7-93 Linear-array alignment procedure: (a) transducer coordinate system definition for 
alignment; (b) transducer offset check using a flat-bottom hole target at a known location in 
space. 


The “pitch” angle of the probe is calculated from the time-of-flight (TOF) 
variation of the peak reflection from a flat-surface reflector. A linear fit to the 
TOF data is used to calculate the angle of the probe relative to the alignment 
block (Figure 7-94a). “Yaw” angle is measured by angulating the transducer 
along the y-axis and measuring the peak amplitude reflected from a flat 
surface. The transducer angle at the peak position is used to determine probe 
alignment for the yaw angle (Figure 7-94b). Ideally the transducer face would 
be positioned parallel to the alignment check block, resulting in zero values 
for the pitch- and yaw-angle errors. 
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Figure 7-94 Linear array angular alignment check: (a) pitch alignment calculated from single 
element TOF data across the array; (b) transducer angulation is used to determine the yaw 
angle. 


Once the pitch and yaw rotation angles have been determined to be 
acceptable, the x-axis rotation can be checked. Alignment check of the “roll” 
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angle (rotation about the x-axis of the transducer) requires both electronically 
and mechanically scanning while recording a C-scan from a line target (see 
Figure 7-95). The line target currently used is a 0.5mm diameter wire 
stretched between two points, 12.0 mm above a flat ground surface. Figure 
7-95 shows representative C-scans from the alignment block. 


The position of the wire peak reflection from each end of the array is used to 
calculate the roll angle. The roll angle is not accurately specified for linear 
array probes, and is, therefore, the least accurate measurement in the 
alignment-check process. Nevertheless, verification of roll alignment insures 
that inspection coverage is not compromised, and that the defect shape is not 
distorted during an inspection. 


The x, y, and z positions of the transducer are checked using a flat surface and 
single-point targets, such as flat-bottom holes (FBH) whose positions in space 
are known. The standoff error, delta x, is calculated from the average single 
element TOF data discussed above. The delta y and delta z errors are obtained 
from a C-scan generated by electronically scanning along the transducer 
array, while mechanically scanning across the FBH target. If the transducer is 
properly aligned with respect to the block, the position of the FBH will 
appear in a C-scan in the correct location in space. If the FBH location 
determined by the C-scan is not within tolerance, the inspection is aborted 
(see Figure 7-95). 
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Figure 7-95 Linear-array transducer-alignment process: (a) about the x-axis (roll angle) roll 
error exaggerated for illustration purposes; (b) y and z positional-accuracy check from FBH 
targets. 


As part of the probe alignment and checkout process, single element, and 
focused beam response is also recorded. Currently single-element amplitude 
and TOF data from a flat-surface reflector are stored each time a probe is 
picked up for an inspection. Studies to determine the allowable variation in 
single-element response for acceptable probe performance have not been 
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conclusive; therefore, no tolerances are applied to the single element data at 
this time. 


Probe checkout also records the variation in amplitude across the array for a 
focused beam. The range of reflected amplitudes is compared to a tolerance 
set within the scan plan, and if the maximum or minimum deviation exceeds 
the tolerance, the scan plan is aborted. Typical variation in focused beam 
response from a standard linear array is +1 dB. 


7.6.2.2 Automated Gain Calibration 


Gain calibration is performed for each channel separately using a two-point 
linear DAC/TCG correction. For each channel (or depth zone) a 0.51 mm 
diameter side-drilled hole (SDH) located near the beginning and end of the 
inspection depth range is used as a reference reflector to establish the gain 
settings (see Figure 7-96). Overlap of the gate settings between channels 
ensures correct sensitivity over the depth of coverage. The focal law at the 
physical center of the probe is used for calibration. 


During calibration, the probe is stepped across the SDH with 0.13 mm steps 
to identify the peak position on the block. The transducer then returns to the 
peak location and waits while the DAC/TCG gain is adjusted to achieve an 
80 % FSH reflection. The calibration gain settings for each inspection mode 
and channel are stored, and these values are applied to the instrument along 
with the appropriate material and inspection gain corrections as needed at 
the time of the inspection. The table in Figure 7-96 lists calibration-hole 
depths and gate positions for a typical high-resolution inspection to a 
maximum depth of 25.4 mm. 


The TESI system software allows additional gain corrections to be applied to 
adjust for differences between calibration sensitivity and inspection 
sensitivity, or to account for differences in material attenuation between the 
calibration blocks and test piece. These corrections are applied to the 
calibration DAC gains at the beginning of each inspection segment. 


For example, FBH sensitivity levels can be obtained using a SDH calibration 
target by applying a gain-correction factor as a function of depth to the 
measured DAC gains. Probes and calibration specimens, currently used on 
the TESI system, have shown that the sensitivity provided by the 0.51 mm 
SDH calibration process is approximately equivalent to a 0.71 mm diameter 
FBH target sensitivity level without applying any gain-correction factors. 


Sensitivity is rechecked after the inspection using a postinspection gain-check 
routine. Prior to returning the probe, the gain-check segment returns the 
probe to the stored peak position for each SDH target, and verifies that the 
reflected-peak amplitude is the same as that measured during calibration 
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within the allowable tolerance, usually +10 %. 


Calibration and inspection zones—0° longitudinal. 
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Figure 7-96 Calibration and inspection zones: (a) zone and/or inspection range and 
corresponding calibration-target depths for longitudinal-wave inspections; (b) schematic 
drawing of SDH calibration block. 


7.6.3 Performance of Industrial Systems 


Qualification of the inspection system to be used at a production facility was 
based in large part on the demonstration of highly repeatable and reliable 
inspection results. After executing multiple scan plans using multiple probes, 
results that summarized the alignment check and gain-calibration data were 
compiled from the system database. Repeatable positional accuracy and 
sensitivity were also verified using inspection data acquired from actual 
turbine-engine discs containing machined embedded defects. 


Probe alignment data was compiled from results stored in the system database 
and analyzed for the two production installations. This data was acquired 
using 5 MHz 128-element linear array transducers. As shown in Table 7-10, 
alignment data obtained from the two production installations shows that for 
approximately 50 runs, conducted over approximately five weeks, the 
positional error averaged about 0.51 mm while the angular error was well 
below 0.5°. 
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Repeatability of gain calibration is also a good indicator of system 
performance. The results shown in Table 7-11 were obtained using 5 MHz 
transducers, performing automated longitudinal DAC/TCG gain 
calibration. DAC setting variability was approximately 0.4 us for TOF and 
0.3 dB for gain settings during the same 5-7 week period, which is close to the 
instrumentation specifications. 


Recent improvements to the TESI system to correct water path for water 
temperature variations and additional robot accuracy improvements, have 
resulted in variability in DAC/TCG gain-calibration values at UDRI over a 
six-week period to be +0.1 dB and +0.1 us for calibration. 


The true test of system reliability must be determined from tests on actual 
parts running fully automated inspections. TESI system performance was 
characterized by conducting inspections on the spherical defect POD Ring 
specimen (described in chapter 6). The POD Ring specimen contains 80 
spherical targets of different reflectivities, which can be detected from any 
refracted angle, from the top, bottom, bore ID, and bore OD. 


Inspections of the ring specimen can be used to demonstrate sensitivity, 
repeatability, and the effect of part geometry and depth. In addition, the 
specimen can be used to demonstrate the defect-locating capability of the 
automation software by comparing peak amplitudes and defect locations 
from multiple modes and directions. 


Table 7-10 TESI system probe positioning variability. 


Commercial installation: 1 probe, 5 weeks 
(deviation from 0) (deviation from ideal position) 
(waterpath) 


Range -0.18 to | 0.0 to 0.25 | —0.09 to- -0.76 to —0.25 to -1.78 to 
0.15 0.32 0.36 1.78 0.00 


[degrees] | [degrees] | [degrees] 


error 


Range 0.16 to —0.25 to -0.11 to —0.89 to —0.48 to 1.22 to 
0.06 0.12 0.32 0.53 0.53 1.17 
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Table 7-11 TESI system gain-calibration variability. 


Commercial installation: 1 probe, 5 weeks 
Channel 1 Channel 2 
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The data in Figure 7-97 was obtained from a longitudinal inspection of the 
inner row of defects, interrogated from the top surface of the specimen. The 
large range in target size and reflectivity provided by the POD Ring specimen 
has allowed for a characterization of the system response over the entire 
range of reflected amplitudes, from 100 % full-scale height (Target #11) to 
those which were not detectable above the background noise (Target #12). The 
data was acquired over 18 days, from five data-acquisition tests, using probe 
S/N 001, and a sixth run using probe S/N 002. 


Because scan resolution and focusing conditions were not necessarily 
optimized for inspection of the POD Ring, an assessment of system sensitivity 
and resolution could only be made for the specific inspection conditions used. 
Nevertheless, the results could be used to examine variability in inspection 
sensitivity from the same targets. The data showed that the variability in the 
automated inspections was, in general, within ~1 dB. 
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Figure 7-97 TESI system inspection of the POD Ring specimen: (a) variability in spherical- 
target amplitudes from repeat inspections over a two-week period using two different probes; 
(b) plot of all data used in the analysis. 


It should also be noted that the inspection variability includes the effect of 
using multiple operators with the TESI system. The primary duty of the TESI 
system operator is to position the part in the tank within 12.7 mm of the 
center prior to the inspection. Once the operator starts the inspection, the scan 
plan automatically executes commands, which adjust the part position to 
ensure that the part is centered within 0.13 mm and that the part is at the 
correct height prior to the inspection. 


Because of the multiple checks on the system setup, and the tolerances being 
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set within the scan plans, the influence of the operator on the setup and 
operation of the TESI system inspection is negligible. After the inspection, 
thresholds are automatically applied to the C-scan data and areas that exceed 
the evaluation threshold are automatically rescanned with a higher spatial 
resolution. The data acquired during the rescan is used to determine whether 
or not the characteristics of the defect exceed the reject criteria. 


The decision-making process is completely automated and does not require 
any input from the operator. All processing of the amplitude and TOF data, as 
well as any image processing, are performed as the scan plan is executed. All 
defect data is stored in the database, and can be recalled for both accepted 
and rejectable indications. Figure 7-98 shows postinspection results from the 
POD Ring. 
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Figure 7-98 Postinspection results for POD Ring displayed using the TESI system reporting 
application (top-down view of the part): (a) only rejectable indications are shown; (b) all 
indications shown. Indications that do not exceed the reject threshold are not displayed when 
the Reject Only box is selected as in (a). 


7.6.4 | Aerospace POD Conclusions 


One year after the installation of the second prototype system, the TESI 
system continues to be improved and additional capability is added as 
customer needs and funding evolve. The hardware design of the system, 
originally presented to the US Air Force five years ago, remains surprisingly 
unchanged. However, the system is versatile enough that it can be 
customized to meet the needs of a specific application. 


After the installation of the two prototype systems, the brassboard TESI 
system, which remained at UDRI, has been retrofitted to match the hardware 
capability of the prototype systems. Now, scan plans for any of the TESI 
systems can be developed at any of the three facilities, and then installed and 
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executed by the end user. The portability of scan plans between systems 
remains a priority. As well, comparisons of data acquired on scan plans 
running at different inspection facilities have confirmed that full portability 
has been achieved. 


Recently, a scan plan was written and tested at UDRI, then delivered to one of 
the two production facilities. The production facility used a test specimen, 
which contained FBH targets at different depths inside the part. Although the 
scan plan had been run at UDRI multiple times during the development 
process, the schedule for installation and testing at the production facility 
only allowed a single run of the test specimen for each test condition. 


Table 7-12 shows a comparison of the inspection results from the first run of 
the test specimen at the production facility and the corresponding results 
obtained at UDRI. All ultrasonic and position data shown in the table was 
obtained from the TESI system automated defect-evaluation processes. The 
reproducibility of the reflected amplitudes and the defect positions between 
two different inspection facilities clearly demonstrate the TESI system 
accuracy and ultrasonic instrumentation capability, and the benefits of 
automation for inspection repeatability. 


In summary, the data demonstrates that implementation of automation in the 
TESI ultrasonic inspection system resulted in highly repeatable inspection 
capability. The reliability and repeatability of the inspection results show not 
only the capability of the entire system but also the current high level of 
maturity for the phased array instrumentation and control software. The 
rapid development of the TESI system, from design document to final 
production, was the result of incremental successes, cooperation, and team 
work between all the contributors to the program. 


New technology cannot be taken from the laboratory to the production floor 
in a single step. However, through good communication, understanding of 
customer needs, and managing expectations, the transition can be made more 
efficient. System performance can only be deemed acceptable for production 
after many inspections have been successfully executed, and the system 
variability under expected test conditions has been characterized. 


The list below summarizes the recommendations for future system design 
based on experience with the TESI program. 


¢ System requirements should be well defined and agreed to by the 
customer. 


e The system should be flexible and easily modified. 


e Use off-the-shelf components whenever possible. 
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e State-of-the-art, but mature, system components should be used 
whenever possible. 

e Process automation should be used to improve reliability. 

e Systems should be easily maintained by the users. 

e Inspection commands, or scan plans, should be easily created for new 
components. 

e Incorporate redundancy and protection from errors to hardware, 
specimen, operator, and inspection results. 

¢ Conduct periodic critical design reviews, which includes knowledgeable 
outside reviewers. 


e Assume that the new design will require multiple prototypes (a new, 
production-ready design cannot be created in a single step). 


Table 7-12 Automated inspection-results comparison—UDRI and production inspection 
facility. Embedded defect amplitude and location in a part. 


Evaluation Flaw Flaw position | Flaw position 
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Table 7-12 Automated inspection-results comparison—UDRI and production inspection 
facility. Embedded defect amplitude and location in a part. (Cont.) 
Evaluation Flaw Flaw position | Flaw position 
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Phased Array Volume Focusing Technique 


This section was made available courtesy of INDES-KFTD. 


This section describes the volume focusing concept and defect detection 
capability in specific blocks and bars. A comparison between the volume 
focusing technique and conventional phased array is also presented. 


Conventional phased array inspection techniques consist of setting virtual 
probes along the array; its aperture (a group of elements firing or receiving 
together) is programmed with a delay pattern. These two features provide the 
same effect as a focusing lens technique, called zone focusing. The electronic 
equipment is usually fast enough to scan different settings at each 
transmitted pulse. (These pulses are known as cycles or time slots.) This 
process can be thought of as running the inspection with virtual probes that 
are scanned one after the other. 


The advantages over single element probes are evident to experienced users. 
However, standard phased array probes are still limited for multimode 
inspections because each mode requires a specific setting and its own cycle or 
time slot. Each virtual probe requires one transmitted pulse, and this affects 
the inspection speed. Keep in mind that increasing the PRF (pulse-repetition 
frequency) can result in ghost echoes that must be avoided. 


The volume focusing technique uses a different approach. The transmitted 
pulse is generated all along the probe using a delay pattern. With this delay 
pattern, the generated wave stays consistent. It does not diffract, and it 
irradiates the whole volume that is being inspected. A massive parallel and 
powerful calculation in the electronics then results in spatiotemporal 
decorrelation of the signal. The imaging of the flaw pattern then becomes 


404 


Chapter 7 


available for more data processing, usually oriented for defect evaluation. 


This volume focusing technique, as a special case of tomography processing, 
overcomes the limitations of conventional phased array inspection 
techniques. Multimode inspection necessitates more calculations with the 
electronics. The PRF does not have to be high to attain a rapid inspection 
speed. As well, the problem of ghost echoes disappears. This method is based 
on using a consistent transmitted wave to inspect the entire section of the 
part. The experiments that follow demonstrate this hypothesis. 


The volume focusing technique uses a consistent wave, originating from all 
probe elements. This wave could be a plane wave, cylindrical wave, spherical 
wave, or another type of wave. Therefore, certain questions arise. Is the wave 
broken when it encounters a flaw, or is it still possible to detect another flaw 
along the same axis? Will the lateral resolution be preserved? It is possible to 
consider this problem using a theoretical approach (for example, using a 
finite, element wave propagating simulation). In this particular case, 
however, the emphasis is put on experiments. 


7.7.1 Experimental Comparison between Volume Focusing and 
Conventional Zone Focusing Techniques 


Figure 7-99 Block drawing. 


Figure 7-99 shows an aluminum block with a variety of reference holes. 
Aluminum has the advantage of having low structural noise and low 
attenuation; therefore, the experiment is not affected by such parameters. 


All of the following experiments were performed using a 32-element 
aperture, scanned with 1 element pitch along the 128 elements of the probe. 
The probe definition is 10 MHz, 0.5 mm pitch per element, 12 mm elevation 
(Imasonic). The water path remains constant at 20 mm in all experiments. 
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FlashFocus, shown in Figure 7-100, is a massive parallel 128:128 channel 
acquisition system, which allows conventional focusing as well as volume 
focusing. 


Figure 7-100 FlashFocus from KJTD. 


All conventional phased array experiments were performed with zone 
focusing (three zones). The PRF setting was 2 kHz to avoid reverberation 
phantom echoes (ghosting) coming from the water path. The SRF (Sequence 
Repetition Frequency corresponding to the acquisition speed of one B-scan) 
was close to 7 Hz. 


In all the experiments using volume focusing, the PRF setting was equal to 
the SRF and was set at 438 Hz. 
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7.7.2 Lateral Resolution Experiments 


Figure 7-101 Lateral resolution. Left: volume focusing technique; right: zone focusing 
technique. 


This experiment shows a comparison between both volume focusing and 
zone focusing techniques on the lateral resolution. 


In both cases, the lateral resolution can distinguish all 0.5 mm diameter side- 
drilled holes (SDH) within the diameter range of one wavelength, from 5 mm, 
3.5mm, and 2.8mm center to center. Although the lateral resolution is 
acceptable in both cases, volume focusing shows a slightly larger lateral 
resolution than zone focusing due to the fact that the beam is only focused in 
the receiving mode. With the same number of elements to synthesize the 
beam, a lower lateral resolution is normal for volume focusing. 


Figure 7-102 Flaws on the same axis 1. Left: volume focusing technique; right: zone focusing 
technique. 
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The experiment in Figure 7-102 shows a comparison of both techniques 
during the inspection of components with small flaws along the propagation 
axis and with big gaps between them. 


In both techniques, all four columns of three 0.5 mm SDH lines (in the range 
of one wavelength) are visible despite the three SDHs all being positioned 
along the same axis as the wave propagation. 


In the case of the conventional phased array zone focusing technique, the 
multiples from the SDH were observed. After detailed verification with 
different test pieces and different hole diameters, results showed that this 
reverberation corresponded to the propagation in water inside the SDH. The 
zone focusing technique is probably more sensitive because the whole 
aperture is focused in emission as well as in reception, while the volume 
focusing technique in this experiment uses a plane wave for the transmitted 
pulse. 


In the case of the volume focusing technique, a smaller decrease of the 
amplitude along the depth can be seen with the conventional zone focusing 
technique. The explanation is the same as for the previous case; the volume 
focusing works with a plane wave here, although the zone focusing technique 
focuses the beam in emission and in reception. The degree of focusing is then 
necessarily bigger in the near field than in the far field, for zone focusing. This 
degree of focusing clearly explains the above observation. 
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Figure 7-103 Flaws on the same axis 2. Left: volume focusing technique; right: zone focusing 
technique. 
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The experiment in Figure 7-103 shows a comparison between both techniques 
when inspecting components with small flaws of different sizes along the 
propagation axis. This experiment is done so that the probe beam first detects 
the larger 1.5 mm diameter SDH (in the diameter range of 2.5 wavelengths) 
subsequently the 1 mm SDH, and finally the 0.5 mm diameter SDH (in the 
diameter range of one wavelength). 


In both cases all three columns of three SDH lines are visible despite the flaws 
being along the same axis as the beam. However, the last line for the 0.5 mm 
diameter SDH has a low sensitivity. The sensitivity decreases with the depth, 
which corresponds also to the sensitivity decrease as a function of the flaw 
size. This is the case for both the zone focusing and volume focusing 
techniques. 


7.7.3 Square Bar Inspections 


The main area of concern in square bar inspections is the central part of the 
bar; however, misorientated flaws and subsurface flaws are also important. 
Targeted flaw inspections are no longer limited to defects characterized by 
length, but now include voids and inclusions. Artificial flat-bottom holes 
(FBH) or round-bottom holes can be approximated, and can become real 
targets. 


Because the flaw length is short, a very fast inspection method that is able to 
maintain or improve upon the volume focusing technique, is appropriate for 
this application. 


(— ~S 


Figure 7-104 Possible flaw locations in a square bar. 


The test piece in Figure 7-104 contains the following artificial flaws: 


e -—2mm and 3mm SDH (side-drilled holes) near the middle of the test 
piece 


Advanced Industrial Applications 409 


e -1mm SDH on the side of the test piece 
¢ -3mm, 2mm, and 1mm FBH on the bottom of the test piece 


The inspection is performed with three virtual electronic scans, using the 
volume focusing technique. The first subsequence inspects the left side; 
subsequently, the second subsequence inspects the middle of the part; and 
finally, the third subsequence inspects the right side of the piece. Each 
subsequence contains 22 virtual A-scans, so that the complete section of the 
bar (the whole sequence) contains 66 virtual A-scans. The virtual A-scan 
depth extension is limited to two-thirds of the bar thickness. 


The average ultrasonic path (including the path traveled through water) is 
more than 150 us in duration. However, the complete sequence takes less 
than 2.7 us. 


In the case of conventional electronic scanning, the PRF would be limited to 
2 kHz because of repeated ghost echoes in the water path and bar. As a result, 
the entire sequence would take 33 us. 


If one considers a linear line speed of 45 m/min, or 750 mm/s, the Volume 
Focusing technique allows a pulse density of 2mm, while conventional 
electronic scanning is limited to 24 mm. 


Figure 7-105 shows the scan pattern in the square bar. 


Figure 7-106 to Figure 7-108 show several reconstructed A-scans and B-scans 
from various FBH flaws. 


Figure 7-109 shows a photograph of the overall system. 
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Figure 7-105 View of the different subsequence patterns with virtual scanning. 
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Figure 7-107 A 3 mm FBH flaw, 10 mm from the bottom of the part. 
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Figure 7-108 A 2mm FBH flaw, 2 mm from the bottom of the part. 


Figure 7-109 View of the holder on the bench. 


In conclusion, the volume focusing technique is effective for high-speed and 
high-resolution inspections of square bars. 
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7.7.4 Conclusions 


Other than the increase in lateral resolution, the volume focusing technique 
does not show significant drawbacks. The loss in lateral resolution, when 
comparing the same number of elements in the aperture, can be easily 
compensated by increasing the number of element in the aperture. Volume 
focusing has a few advantages in depth of field. 


The most impressive increase shown by the previous experiments is 
inspection speed. All experiments were performed under the same 
conditions; however, the volume focusing technique provided results more 
than 50 times faster than the conventional zone focusing technique (an SRF 
ratio of 438/7). This increase in speed has several benefits such as: 


e A faster inspection when coupling permits 

¢ No reduction in inspection speed when compared to conventional 
techniques, with an inspection at many angles and different correlation 
patterns 


e A reduction in structural noise, due to the inspection of the same section 
from different angles 
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Appendix A: OmniScan Calibration Techniques 


Appendix A gives a summary of OmniScan® calibration techniques. 


In order to comply with ASME Code Cases 2557 and 2558 requirements, the 
phased array instrument should be calibrated in a specific manner. 


A.1 Calibration Philosophy 


Sectorial scans offers new types of displays, and also unique calibration 
issues. Specifically, multiple angles are used, requiring a significantly more 
complex calibration process. With OmniScan, a calibration wizard simplifies 
the actual process. 


Calibration is critical for any construction weld inspection using ultrasonics. 
The globally dominant code is the ASME code, which is often copied by other 
countries. In the ASME code, the leading ultrasonics code is Section V, 
Article 4.! For monocrystal inspections, this code requires that all calibration 
reflectors (usually side-drilled holes or surface notches) give the same signal 
amplitude anywhere along the sound path. This is accomplished by using 
DAC (Distance-Amplitude Correction, drawn on the screen for each A-scan) 
or TCG (Time-Corrected Gain, which is an electronic correction). 


The philosophy for phased array calibration is the same, though the practice 
is a bit more complex. Any individual A-scan in a phased array display is the 
same as an A-scan from an equivalent monocrystal at the same angle; 
however, there are more A-scans in phased arrays, and often at different 
angles. Any calibration reflector within the scanning region should give the 
same signal amplitude, whether for E-scans (fixed-angle raster scans) or for 
S-scans. In effect, any side-drilled hole (SDH) in a true depth S-scan “pie” 
should appear at the same amplitude. In practice, this realistically limits the 
corrections to TCG, at least for S-scans, as it is not practical to draw thirty 
DAC lines on the screen. 


Also, it is necessary to perform some type of Angle-Corrected Gain (ACG) for 
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S-scans, since the beam amplitudes will vary with angle. This is inherent in 
the physics: Snell’s Law conversion efficiencies vary significantly. Therefore, 
at some angles, it is not realistically possible to calibrate since the signal 
strengths are very low. For example, using a 45° shear-wave wedge and 
calibrating to 80 % FSH, signals around 70° refracted angles on the S-scans 
might be only 5-10 % FSH. In practice, it becomes difficult and unreliable to 
electronically boost these weak high-angle signals to 80 % FSH. 


At the time of writing, there are no codes specifically for phased arrays. 
However, these codes are being developed, and all major codes have 
approved procedures for accepting new technologies and techniques. 


A.2 Calibrating OmniScan 


Calibrating OmniScan® correctly for both E-scans and S-scans_ is 
straightforward, but requires several steps. Conveniently, these steps are 
assisted by a series of Wizards in the OmniScan software. All these calibration 
steps are covered in detail in the OmniScan operating manual in all cases.” In 
practice, each detailed step is laid out. 


e “Step 1: Calibrating Sound Velocity” 
e “Step 2: Calibrating Wedge Delay” 

e “Step 3: Sensitivity Calibration” 

e “Step 4: TCG (Time-Corrected Gain)” 


A.2.1 Step 1: Calibrating Sound Velocity 


Calibrating sound velocity is normally not performed as velocity changes 
little from material to material. However, if sound-velocity calibration is 
required or recommended, the easiest way is to use a double radius, for 
example an IIW calibration block or custom block. Figure A-1 shows a typical 
IIW calibration block with two radii. Measure the time of flight between the 
two radii to get the velocity of the calibration block. A “Velocity Wizard” is 
available with the OmniScan software in the calibration section of the user’s 
manual. 
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Figure A-1 Drawing showing IIW block with two radii. 


A.2.2 Step 2: Calibrating Wedge Delay 


Calibrating wedge delay is always required. There are two methods of 
calibration: side-drilled holes and curved radii (see Figure A-2). 


Near-zone radius 


16 elements, 0.6 mm pitch, N- 39 mm shear in steel 


Figure A-2 Left: illustration of SDH. Right: curved radii for wedge calibration. 


The objective of the wedge calibration is to compensate for the different times 
of flight from the various beams in the wedges. This applies to both E-scans 
and S-scans. Again, there is a wedge-delay calibration wizard in the 
OmniScan software to assist the operator. 


The operator sets a time gate with enough width to encompass all the 
reflections at all angles and positions (see Figure A-3). Note the variable time 
of arrival of the signals due to the wedge geometry. 
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Figure A-3 Sample A-scan and B-scan of time delays from wedge. 


The probe is scanned back and forth over the reflector (SDH or radius) to 
build an envelope, as shown in Figure A-4. Note that the time of arrival of the 
signals is not constant due to the wedge geometry. 


Figure A-4 Screen display of uncompensated envelope and B-scan from the wedge delay 
calibration process. 


The operator then “calibrates” the wedge delay using the automatic 
calibration process in OmniScan, and the calibrated wedge delay is shown in 
Figure A-5. The signal time-of-arrival is compensated for the different wedge- 
path lengths, and the reference reflector signal arrives at a constant time. 
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Figure A-5 Screen display showing acceptable wedge calibration. 


As before, this process is described in detail in the OmniScan® manual. 


A.2.3 Step 3: Sensitivity Calibration 


As illustrated in Figure A-2, calibrating on SDH or on a radius gives different 
results. The SDH approach has some physical disadvantages such as: 


1. Different metal paths give different attenuation values. 
2. There is no correction available for near-zone effects. 


3. Beam divergence can become a major focusing issue. 


Using a radius inherently resolves most of these issues. For E-scans, these are 
not a significant problem, but for S-scans, correct calibration and Angle- 
Corrected Gain (ACG) are essential. 


Conveniently, the recommended OmniScan® calibration procedure for 
S-scans on OmniScan is Auto TCG, which inherently includes the ACG 
correction (see section A.2.4). Nonetheless, a typical ACG-calibration 
procedure on a radius is given below, because ACG is required for other 
calibrations, for example, manual TCG. Once again, manual TCG is not 
recommended for S-scans. 


The setup is the same as Figure A-5, with an IIW block. The reflector from the 
radius is gated (similar to Figure A-5) and amplitude corrected along the 
whole radius to give an Angle-Corrected Gain. This process is covered in the 
OmniScan manual, and a wizard is available for assistance. 
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A.2.4 Step 4: TCG (Time-Corrected Gain) 


There are two processes for TCG: manual and auto. Auto TCG is the 
recommended process for S-scans, and it is described here. Again, this TCG 
procedure is covered in detail in the OmniScan manual. 


The process described here is primarily illustrated for S-scans; the process for 
E-scans is essentially the same, but the concepts are more traditional. In either 
case, the phased array scans do not change either the physics or the code 
requirements to calibrate each A-scan for amplitude and other compensation 
factors (such as material sound velocity and wedge delay). 


During a TCG calibration, a reflector is scanned through all the different 
beam angles and a TCG point is saved at the position of this particular 
reflector. If the true-depth ruler is selected, a TCG point will be set at the same 
depth for each beam. If half path or time of flight is selected, a TCG point will 
be recorded for each beam at the half-path distance or sound path. 


The following example shows a calibration setup for a shear-wave S-scan 
from 40° to 70°. During calibration, the reflector must be seen individually by 
all the beams, and the software records the amplitude correction and the time 
of flight of this reflector for each beam (see Figure A-6). 


Figure A-6 Schematic showing Auto TCG calibration procedure. 


Performing this calibration compensates for: 


e the attenuation in the material, 
e the attenuation in the wedge, and 


e the attenuation due to beam steering. 


Sample results at 45°, 55°, and 65° are shown in Figure A-7. 
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45°SW beam, Auto TCG calibration. 


55°SW beam, Auto TCG calibration. 


65°SW beam, TCG done with the calibration. 


Figure A-7 Examples of Auto TCG calibration results on a series of SDH at different depths. 
Top: 45°; middle: 55°; bottom: 65°. 
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The results in Figure A-7 show only a small variation in calibration amplitude 
on the SDH, typically ~t1dB. During the Auto TCG calibration, the 
attenuation in the wedge and in the material is clearly taken into 
consideration. 


The limitation of this technique is often the calibration block. In order to do 
the TCG calibration, the block must be able to scan the various SDHs with all 
the beams without any interfering echoes. So the block must be long enough 
(IIW 15 mm), and the holes must be far enough from other possible reflectors 
at a similar depth (see Figure A-8). An alternative approach is “calibration by 
section.” 


Figure A-8 Example of TCG calibration for one depth. 


This movement must be done for different depths to produce the TCG curve. 
The actual TCG procedure is described in depth in reference 1. 
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A.3 


Multiple-Skip Calibrations 


Multiple-skip calibrations are performed the same way as for single-skip 
calibrations. The calibration is performed using a single hole at multiple skips 
on a plate. 


The scale is typically set in true depth. The operator gates the hole for the first 
half-skip do obtain one TCG point, and then moves back to catch the hole in 
full-skip. 


In practice, it is necessary to change the gate depth in full-skip. The procedure 
can be repeated for the third skip as well. 
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Appendix B: Procedures for Inspection of Welds 


This appendix was made available courtesy of Davis NDE. 


Manual and semi-automated inspection of welds and similar components is 
potentially the largest use of phased arrays, particularly portable phased 
array units. This appendix describes the philosophy behind phased array 
weld inspections, then the inspection procedures and data analysis of welds 
using manual and semi-automated S-scans and E-scans. 


B.1 Manual Inspection Procedures 


There are two general approaches to inspecting welds using phased arrays: 


e Emulate conventional manual monocrystal techniques by performing 
raster scanning techniques. 


e Perform linear scan(s) to cover the whole weld area in linear passes. 


These two approaches are illustrated in Figure B-1 and Figure B-2. 


il A 
p “Nul” Zones 


: Data Collection Raster Steps 
: Step No Data Collection 


Figure B-1 Schematic showing conventional raster scanning approach. 
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The raster scanning approach in Figure B-1 has the advantages that it 
simulates current techniques so no new codes are required, the technique 
covers the weld area with multiple angles, the results should be more 
reproducible than conventional monocrystal approaches, and imaging of 
defects is vastly superior. However, raster scanning with phased arrays does 
not offer the true benefits available from PAUT, which have much higher 
speeds and full data storage. 


Figure B-2 Schematic showing concept of one-line or linear scanning. 


The linear or one-line scanning approach in Figure B-2 is much faster than 
conventional monocrystal or raster techniques, and can be encoded to save all 
data. In essence, this is a simple portable PA approach to automated and 
semi-automated weld inspections. Linear scanning can be performed. with 
encoders or just manually. This approach has several advantages: 


e Linear scanning is much faster, perhaps five times faster, than manual 
techniques, which can make it highly cost-effective. 


e All data can be saved with semi-automated (encoded) scans. 

e Even for manual scans, key data can be saved simply by freezing the 
images. 

e The results are highly reproducible, though third parties have yet to 
confirm this in trials. 


e Data analysis is simpler than conventional monocrystal approaches, as 
shown in section B.5. 
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B.2 Codes and Calibration 


When required, welds must be inspected to a code or specification. Normally, 
the specified weld inspection codes are developed by large organizations 
such as ASME!, AWS? or API.3 These inspection codes specify the type of 
equipment used, calibration procedures, scanning techniques, sizing, and 
characterization procedures. 


For phased arrays, all the above mentioned codes accept this new technology 
in principle, though the actual techniques and procedures need to be 
demonstrated. Each code has a section for accepting new techniques and 
procedures, based on Performance Demonstrations. Typically, the new 
technique is compared with an established technique on a series of samples 
with defects. A sample approach for ASME Section V has been prepared 
using Article 14 for new techniques for pipes and plates up to 25 mm using 
E-scans.4 


B.2.1 E-Scans 


Unlike conventional monocrystals, phased arrays can generate ultrasonic 
beams at multiple angles. With E-scans (electronic raster scans at fixed 
angles), there are few code and calibration problems since these emulate 
conventional monocrystal inspections; calibration and setups are the same as 
for manual techniques. Scan patterns may be different, if performed using 
linear scanning, since the probe is not oscillated to detect off-angle defects. 
However, the addition of TOFD would readily compensate for this. Figure 
B-3 shows an example of a single pass E-scan at two different angles, for 
example, a typical code inspection. A wedge delay calibration is always 
required first. 


Figure B-3 Double E-scan on OmniScan at two different angles, with accompanying A-scans 
and C-scans. 


Procedures for Inspection of Welds 429 


B.2.2  S-Scans 


S-scans present different issues. While the normal code procedure is to 
calibrate on a side-drilled hole or notch with constant path depth, this is more 
complicated with S-scans. For each angle, the distance to the reflector in the 
metal varies, as does the wedge path and beam amplitude due to physics. 
This is illustrated in Figure B-4. 


15mm 


16 Element 0.6 mm pitch N=39mm shear in steel 


Courtesy of Materials Research Institute, Canada 


Figure B-4 The effect of calibrating on SDH with an S-scan: different angles, different 
attenuation, no correction for possible near-zone effects. 


The alternative to calibrating on a fixed depth SDH is to compensate for 
angle-beam signal-amplitude variations by calibrating on a radius, as shown 
in Figure B-5. This gives constant sound path, attenuation, and the same zone 
for all angles. 


Courtesy of Materials Research Institute, Canada 


Figure B-5 Calibrating on a radius to give Angle-Corrected Gain (ACG). 
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For S-scans, ACG is required with Time-Corrected Gain (TCG) so that the 
calibration reflector (or SDH) shows at the same amplitude wherever it occurs 
in the true depth S-scan “pie.” This is easily demonstrated with OmniScan®. 
Figure B-6 shows an A-scan envelope over a series of SDHs showing near- 
identical amplitudes after calibration. 


In practice, using the Auto-TCG function with OmniScan combines ACG and 
TCG into a single process. Despite these calibration requirements, it should 
be remembered that an S-scan is still a series of A-scans, albeit at different 
angles. Again, a wedge-delay calibration is always required. 


Figure B-6 SDHs scanned using a 55° SW beam, with calibrated ACG and TCG. (Note the 
small variation in calibration amplitude.) 


The other major issue facing S-scans is the “Bevel Incidence Angle,” or BIA. 
Codes such as ASME! do not specify the BIA as such, but state that 
“appropriate angles” should be used; unfortunately, appropriate angles are 
not defined as such. Some codes do require specific angles, though this 
approach also has limitations. 


The BIA issue can be easily seen from the schematic in Figure B-7. The 
optimum probe position and angles for the bulk of the weld and the crown 
are clearly not the same probe position and angles for optimum inspection for 
root defects. 


Figure B-7 Schematic showing S-scan inspection of weld. Optimum angles for midwall section 
are clearly different from root area. 
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The appropriate angles can be modeled to determine optimum coverage. 
Figure B-8 shows ray tracing illustrating the number of S-scans required to 
provide a BIA within +5° of normal incidence; three S-scans at different 
distances from the weld centerline. Figure B-9 shows that for a BIA of +10°, 
two S-scans can provide appropriate coverage. Conveniently, the number of 
scans required is scalable. For example, the thickness of the component does 
not dictate the number of S-scans required; it is the “off-angle” from the BIA 
that dictates the number of S-scans. This issue has not been fully addressed in 
the codes yet. 


SOE 
15 mm wall SOIL 45° 


15 mm 30° bevel 

70° beam OK for root 

55—65° only OK for lower half 
Needs two scan offsets total 23 mm 


Courtesy of Materials Research Institute, Canada 


Figure B-8 Ray tracing showing number of S-scan passes required for a BIA within +5° of 
normal. 


| | 15mm 


15 mm wall SET +5° 


15 mm 30° bevel 

70° beam OK for root 

50-70° only OK for lower half 
Needs second scan offset 15 mm 


Courtesy of Materials Research Institute, Canada 


Figure B-9 Ray tracing showing number of S-scan passes required for a BIA within +10° of 
normal. 


The number of scans required is primarily a geometric effect; larger apertures 
require less scans in principle, though other effects, like near-zone effects, 
could complicate the issue. 


One other issue is focusing, though this is effectively addressed in the codes. 
This applies to both S-scans and E-scans. Phased arrays can electronically 
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focus to short distances, if programmed accordingly. However, this will 
generate a wide-angled beam at distances past the focal point. This effect is 
shown in Figure B-10. In practice, beams well past the focal spot could be so 
weak that effective focusing is impossible. 
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Figure B-10 Modeled focusing effects on beam profiles. Left: unfocused with natural focus of 
150 mm, and 2.4° beam divergence. Right: electronically focused to 15 mm, with 20° beam 
divergence. 


While none of the codes specifically addresses focusing yet, effectively all 
codes require correct calibration. This implies that if beam divergence is so 
high and signals so weak that correct calibration is impossible, then a change 
in focus is required. ASME phased array code cases in preparation simply 
require the same focal laws used for calibration to be used for scanning. 


B.3 Coverage 


The techniques and procedures used must demonstrate appropriate coverage 
of the weld, Heat-Affected Zone (HAZ), and neighboring material, as 
specified by code. Conveniently, simple ray tracing programs are generally 
adequate to provide and demonstrate coverage, as shown in Figure B-11 and 
Figure B-12. Figure B-11 illustrates coverage of a weld using E-scans, while 
Figure B-12 shows the actual scanning procedure used with stand-off from 
the weld centerline. 
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Courtesy of Eclipse Scientific Products, Canada 


Figure B-11 Top: illustration of weld inspection using E-scans. Bottom: illustration of weld 
coverage using E-scans. 


Aside (-) B side (+) 


Courtesy of Eclipse Scientific Products, Canada 


Figure B-12 Illustration of E-scan procedure, showing scanning pattern and distance from 
center of weld. 
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For the procedure, the operator needs to document scan patterns, offsets, 
locations, and dimensions as part of the technique. This should be specified in 
the code requirements. 


B.4 Scanning Procedures 


A procedure for the generic phased array ultrasonic inspection of carbon steel 
or stainless steel plate and pipe base materials and weld has been prepared.* 
This procedure is applicable for components that are between 12mm and 
25 mm in thickness. (This gives a qualified range from 0.5 to 1.5 times the 
thickness of the components examined, or 6 mm to 38 mm). 


This procedure is specifically for the Olympus NDT OmniScan® Phased 
Array System in accordance with the ASME Code. A nonblind (open trial) 
test is used as a Performance Demonstration. An encoder interfaced with the 
OmniScan Phased Array instrument is optional; for example, scanning can be 
manual or semi-automated. 


Wedge delay and sensitivity calibrations are mandated. The OmniScan auto- 
TCG function includes both ACG (Angle-Corrected Gain) and TCG (Time- 
Corrected Gain) in a single procedure (see section A.2.4). 


Phased array scanning requires full documentation. Specifically, the 
procedure states, “The Scan Plan shall demonstrate by plotting or with using 
a computer simulation the appropriate examination angles for the weld prep 
bevel angles (for example, 40-60° or 55-70°) that will be used during the 
examination. This Scan Plan shall be documented to show the examination 
volume was examined. This Scan Plan shall be a part of the Final Examination 
Report.” 


The procedure? uses one-line scanning technique as in Figure B-2 for rapid 
inspection, not a raster scanning technique. Specifically, a minimum of two 
E-scans or S-scans are performed at two different index points from the center 
of the weld from both sides of the weld (where practical) to ensure coverage 
of the weld and the heat-affected zone. For thicker materials with a nominal 
wall thickness greater than 25 mm, multiple line scans are required to cover 
the specified volume of weld and base material. Similar generic procedures 
are being developed for API and AWS codes. 


B.5  S-Scan Data Interpretation 


E-scan data interpretation is similar to conventional manual UT, with the 
added advantages of improved imaging, and data storage. S-scans offer 
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further advantages since they use multiple angles and offer potentially more 
coverage. Figure B-13 shows an S-scan with defect location techniques. The 
S-scan image permits rapid defect assessment; in this example, both ID and 
OD defects can be rapidly determined by comparing with the wall thickness 
markers (BO for ID root, T1 for OD cap, B2 for one and a half skip root, etc.). 
Midwall defects would appear between the B and T dashed lines. 


p | OD notch 


‘S-Scan Oct Ch AST O S090 LOST 


Figure B-13 Top: Schematic showing defect location technique assessment for OD and ID 
defects. Bottom: resulting S-scan showing notches. 


Similarly, defect sizing offers significant advantages using S-scans. Often the 
tip of the defect can be detected, as well as the base, so back-diffracted tip 
signals can be used for sizing. Figure B-14 shows an example of an ID crack. 
Tip-diffraction sizing approaches are generally much more accurate than 
amplitude-sizing techniques, as demonstrated elsewhere in this book. 
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Figure B-14 Crack base and crack tip suitable for back-diffraction analysis.® 


A similar approach can be used for OD cracks, and multiple cracks. 


B.6 Summary of Manual and Semi-Automated Inspection 
Procedures0 


The inspection procedures described here have significant advantages over 
conventional monocrystal inspections: 


e Speed: many times faster. 

¢ Imaging: offers improved characterization and defect sizing through back 
diffraction. 

¢ Data recording: permits re-analysis at a later time and is less subjective. 

¢ Reliability: defects should be more routinely detected using the advanced 
imaging. 

¢ Reproducibility: has yet to be demonstrated. 
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Appendix C: Unit Conversion 


This appendix provides the SI-US customary unit conversions for measurements 
presented in this book. 


Table C-1 Conversion from SI to US customary units. 


= 39.37 mils 
1mm : 
= 0.03937 in. 
Length — = 0.3937 in. 
= 39.37 in. 
= 3.28 ft 
Area 
= 10.7639 4 


= 0.03937 in./us 
Velocity = 3.28 ft/s 
1 m/s . 
= 196.85 ft/min 
Mass = 35.2739 oz 
1kg 
= 2.20462 lbs 
1 kg/m3 = 0.062428 Ib/ft3 
Acoustic = 0.001423 Ib/in.2s 
4 1 kg/m?s 
impedance = 0.204816 lb/ft2s 
eras 
Temperature 
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259 
performance demonstration 259 
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equipment, PAUT: manual PAUT for pip- 
ing 341 
error of estimate, standard 302 
error, mean 302 
error, mean-squared 302 
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experimental 320 
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probes 264 
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Fast Fourier Transform (FFT) 110 
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examples 240 
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sizing 132 
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signal-to-noise ratio (SNR) 109 
time-frequency response 109 
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FEM (Finite Element Model) 61 
FESA (finite element stress analysis) 256 
FFT (Fast Fourier Transform) 110 
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thin-wall pipe simulations with PASS 
317 
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law 204 
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Finite Element Model (FEM) 61 
finite element stress analysis (FESA) 256 
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fitness-for-purpose concept 225 
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flaw classification 225 
flaw maps of POD study 277 
flaw sizing: pipeline AUT 271 
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simple-zone sizing 271 
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inspection technique 338 
search unit 338 
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depth and length sizing 262 
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examination 260 
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calculator 103 
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generation 342 
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focal spot size 325 
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pipeline AUT 322 
beam comparison 330 
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thick-wall pipe 323 
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conclusions 413 
lateral resolution 407 
square bar inspections 409 
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summary 322 
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lateral resolution 86 
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near-field length 74 
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reliability of inspection systems 232 
signal-to-noise ratio (SNR) 109 
Snell’s law 92 
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free running inspection 29 
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gain calibration, automated 396 
gain compensation 79 
gain, angle-corrected 80, 296, 417, 421, 430 
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Gas Technology Institute 315 
GEC Alstom 900 MW turbine components 
369 
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redundancy 372 
validation 371 
GEC Alstom 900 MW turbines 360 
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formula 89 
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IMS (Inspection and Maintenance Services) 
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in-situ inspections, reference blocks for 379 
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index-axis encoder 34 
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industrial applications See applications, 
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miniature and subminiature 127 
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industrial requirements 5 
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materials 280 
inspection of welds 427 
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S-scans 430 
coverage 433 
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scanning procedures 435 
S-scan data interpretation 435 
summary 437 
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components 280 
inspection approach 281 
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axial flaws 338 
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instrument performance 141 
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design requirements 386 
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performance of industrial systems 397 
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lateral resolution 86 
formula 86 
lateral resolution, focusing techniques 407 
Lavender International 297 
law file 204 
law, Snell’s 92 
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See also focal laws 
laws, focal See focal laws 
layer and cable requirements, matching 60 
layouts 48 
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length, waveform 110 
ligament evaluation 236 
ligament sizing 244 
capability 
conventional UT 245 
PAUT 245 
limitations of phased array technology 22 
limitations, PAUT 297 
linear array probes: crack sizing 236 
linear arrays 70 
linear concave probe 68 
linear convex probe 68 
linear phased array probe, 1-D 66 
focal law 106 
ray-tracing visualization 107 
passive aperture 74 
linear scan sequence 30 
linear scanning 11 
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formula 89 
main ~ 89 
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PAUT reliability 246 
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machine-vision probes 388 
magnetic-particle (MP) inspections 247 
magnetic-particle (MP) testing 381 
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manipulator, dual-probe 364 
manual (or free running) inspection 29 
manual inspection of welds 427 
manual PAUT for piping, qualification of 
333 

2-D matrix array probes 339 

axial flaws 338 

background 333 

calibration blocks 340 

circumferential flaws 335 

general principles 334 

manual pipe scanner 340 

nuclear qualification 343 

PAUT equipment 341 

PAUT software 342 

summary 344 
manufacture, piezocomposite 61 
matching layer and cable requirements 60 
material, backing 61 
materials, piezocomposite 59 

manufacture 61 
matrix conical phased array probe, 2-D 68 
matrix phased array probe, 1.5-D 66 
matrix phased array probe, 2-D 66 
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focal law 105 

ray-tracing visualization 105 
maximum element size 76 
mean error 302 
mean-squared error 302 
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measurement 
axial resolution 176 
far-field ~ 176 
measurement report, probe 351 
mechanical setup (thick-wall pipe) 328 
mechanically focused phased array probes 
68 
annular concave 68 
linear concave 68 
linear convex 68 
toroidal convex 68 
mechanical-scan pattern 
examination for axial flaws 264 
examination for circumferential flaws 
260 
metallography: comparison with PAUT 
255 
methods, testing See testing methods 
MIC (micro-organism induced corrosion) 
298 
micro-organism induced corrosion (MIC) 
298 
uTomoscan 53 
migration, index-point 94 
MIL-HDBK 1823 278, 293 
miniature and subminiature probes 127 
characteristics 128 
examples 128 
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minimum element size 76 
minimum passive aperture 75 
.mnp files 112 
mock-ups: dissimilar metal welds 259 
model, KLM 60, 109, 347 
modeling conclusions: thin-wall pipe sim- 
ulations with PASS 319 
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conclusions 326 
parameters 324 
results summary 325 
active elements 326 
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focal spot size 325 
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modeling, ray-trace: technical justification 
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modeling, thin-wall pipe 316 
morphology, fatigue-crack 235 


MotionCube Controller, ARC 393 
MP (magnetic-particle) inspections 247 
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NDE (nondestructive evaluation) 5 
NDT (nondestructive testing) 6 
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near-surface resolution (NSR) 84 
nondestructive evaluation (NDE) 5 
nondestructive testing (NDT) 6 
notches, EDM 175, 181, 353 
data plotting 249 
detection 365 
detection and sizing 366 
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scan 357 
signal-to-noise 358 
sizing 210, 214 
technique validation 249 
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NRC (Nuclear Regulatory Commission) 
259 
NSR (near-surface resolution) 84 
nuclear qualification: manual PAUT for 
piping 343 
Nuclear Regulatory Commission (NRC) 
259 
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beam directions 36 
calibration checking 213 
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OmniScan calibration techniques 417 
calibration philosophy 417 
calibration procedure 418 
sensitivity 421 
sound velocity 418 
TCG 422 
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multiple-skip calibrations 425 
OmniScan connector 122 
adapter 123 
OmniScan MX 24 
OmniScan PA 29 
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Ontario Power Generation (OPG) 120 
OPG (Ontario Power Generation) 120 
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optimization of system performance 197 
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PA volume focusing technique See volume 
focusing technique 
PA, OmniScan 29 
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parameter optimization, examples of 198 
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wall pipe 324 
PASS (Phased Array Simulation Software) 
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modeled beam profiles 324 
modeling on thick-wall pipe 323 
thin-wall pipe simulations 317 
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modeling conclusions 319 
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electronic 11 
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PAUT (phased array ultrasonic testing) 
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advantages 233 
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POD analysis 292 
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POD test results 286 
codes status 294 
API 296 
ASME 295 
ASTM 296 
AWS 296 
other codes 297 
comparison with conventional UT 242 
comparison with metallography 255 
crack sizing error 244 
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industrial applications See applications, 
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limitations 297 
reliability 233 
crack sizing 234 
crack sizing on bars 239 
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redundancy 300 
turbine components 246 
validation 299 
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summary 297 
PDI (Performance Demonstration Initia- 
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performance demonstration (EPRI) 259 
summary 266 
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performance, system 171 
Phased Array Calculator, Zetec Advanced 
342 
phased array probes 
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1-D linear 66 
passive aperture 74 
2-D matrix 66, 101 
2-D matrix conical 68 
annular 65 
classification 108 
2-D matrix 108 
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plan circular 108 
plan linear 108 
rho-theta 108 
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daisy 67 
features 108 
for industrial applications 65 
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mechanically focused 68 
numbering system 124 
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standardization 120 
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Software) 
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active material 348 
backing material 349 
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materials 59 
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summary 322 
thin-wall ~ modeling 316 
thin-wall ~ simulations with PASS 317 
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modeling conclusions 319 
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pipeline AUT 266 
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calibration blocks 268 
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flaw sizing 271 
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probability of detection (POD) 275 
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pipeline inspection 51 
pipelines 
defect sizing 315 
beam-spread results 321 
cylindrically focused probe 320 
thin-wall pipe focusing 316 
thin-wall pipe focusing, summary of 
322 
thin-wall pipe modeling 316 
thin-wall pipe simulations 317 
focusing for pipeline AUT 322 
beam comparison 330 
experimental setup 328 
instrumentation 327 
summary 332 
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sions 326 
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325 
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thick-wall pipe experimental results 
327 
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phased arrays 323 
probe design 76 
probe/wedge assembly 320 
setup procedure 326 
pitch angle 394 
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parameters, influence of 187 
pitch size range 77 
pitch, array 325 
pitch, elementary 76 
pits, corrosion 253 
pixel 44 
plan circular probe: classification 108 
plan linear probe: classification 108 
plan view 44 
plotting (weld), PAUT data 301 
plotting, data 
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rotor-steeple component 256 
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276 
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POD analysis 292 
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POD test results 286 
flaw maps of POD study 277 
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POD Ring specimen: inspection results 289 
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power generation: inspection problems 6 
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practical guidelines for probe design 116 
pressure vessel inspection 51 
pressurized water reactor (PWR) 6, 346 
PRF (pulse-repetition frequency) 149, 404 
formula 149 
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physics guidelines 113 
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probe on a wedge 92 
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first element height 195 
pitch size 187 
wedge angle 193 
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probe, cylindrically focused: evaluation 
320 
experimental 320 
setup 320 
wedge 320 
probe, piezocrystal 7 
probes 59 
2-D matrix array 339 
automated PA probe alignment 392 
certification (example) 126 
characterization 117, 118 
tolerances 119 
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design 112 
examination for axial flaws 264 
examination for circumferential flaws 
260 
ID 116 
identification 117 
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measurement report 351 
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tolerances 117, 119 
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2-D matrix 66, 101 
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classification 108 
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numbering system 124 
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standardization 120 
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pulse duration 110 
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formula 149 
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summary 344 
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range, focal 84 

range, pitch size 77 

range, sweep 77 


484 Index 


rapid detection technique (RDTECH) 53 
raster scanning (weld) 427 
raster-scan sequence 334 
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formula 150 
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ray tracing: pipe weld 107 
ray-trace modeling: technical justification 
253 
ray-tracing simulation 249 
ray-tracing visualization 
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2-D matrix phased array probe 105 
RBI (Risk-Based Inspections) 234 
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reference block 180 
RDTECH (rapid detection technique) 53 
recognition techniques, engine-disc 388 
Recommended Practice (RP) 296 
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recurrence 149 
redundancy 248 
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angular resolution 176 
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calibration checking 213 
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BS (British Standard) 176 
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four-steeple 380 
in-situ inspections 379 
index and angle evaluation 180 
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crack parameters 182 
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232 
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redundancy 248 
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affecting the 232 
reliability, PAUT 225, 233 
measurement 226 
reliable defect detection 7 
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repetition rate 149 
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requirements, industrial 5 
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formula 85 
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SHA specimens 291 
ultrasonic setup 286 
wedding-cake specimen 287 
Retirement for Cause (RFC) 386 
RF (radio frequency) 109 
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RF (radio-frequency) signal 41 
RFC (Retirement for Cause) 386 
tho position 34 
rho-theta (segmented annular) phased 
array probe 66 
spherical/elliptical focusing pattern 70 
rho-theta probe: classification 108 
Ring specimen, POD 284 
requirements 284 
target distribution 285 
Risk-Based Inspections (RBI) 234 
RMS (root mean square) 228 
RMS (root-mean-squared) error 263 
graphical representation 302 
robotic accuracy 387 
ROC (relative operating characteristic) 228 
roll angle 394 
Rompas (IIW 2) reference block 211 
Rompas reference block: sensitivity check- 
ing 212 
root mean square (RMS) 228 
root-mean-squared (RMS) error 263 
rotational scan 354 
rotor steeple grooves 360, 370 
rotor-steeple component: data plotting 256 
rotor-steeple hook 5: data plotting for 
skewed side technique 256 
round-bottom side-drilled holes (RBSDH) 
80 
reference block 180 
rounded (convex surface) reference blocks 
179 
RP (Recommended Practice) 296 
rubber, silicone 62 
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S-scan data plotting 
3-D part of blade root 301 
pin drawing with a machining obstruc- 
tion hole 300 
SA240 TP304, stainless steel 358 
saturation 153 
scan, rotational 354 
scan, sectorial (S-scan) 18 
scan-axis encoder 34 
scanner, pipe: manual PAUT for piping 340 
scanning 
linear (weld) 428 
one-line (weld) 428 


procedures (inspection of welds) 435 
raster (weld) 427 
scanning and imaging, basic 18 
scanning patterns 11, 29 
angular 13, 33, 374 
azimuthal 13 
beam directions 35 
bidirectional 32 
dynamic depth focusing (DDF) 14 
electronic 11 
E-scans 11 
helicoidal 34 
linear 11 
linear scan 30 
sectorial 13 
skewed 33 
spiral 34 
S-scan 13 
time-base 39 
unidirectional 32 
others 37 
scanning patterns, beam 
dynamic depth focusing (DDF) 14 
electronic 11 
scanning sequence: example using TomoV- 
iew 36 
scanning, basic 18 
scanning, virtual 410 
SCC (stress-corrosion cracks) 6, 14, 69, 361, 
370 
artificially induced 247 
detection and sizing 251 
disc-rim attachment 361 
principle of detection 362 
sizing capability 239 
SDH (side-drilled holes) 47, 81 
search unit 
axial flaws 338 
circumferential flaws 335 
sectorial (or azimuthal) deflection on the 
wedge 95 
sectorial scan (S-scan) 18, 45 
sectorial scanning 13 
sectorial scans 95 
segmented annular (rho-theta) phased 
array probe 66 
spherical/elliptical focusing pattern 70 
self-check adapters 164 
semi-automated inspection 29 
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semicylinder blocks 175 
sensitivity (OmniScan), calibrating 421 
sensitivity calibration examples: OmniScan 
214 
sensitivity checking examples 
IOW block 212 
Rompas block 212 
sensitivity setting 179 
sensitivity, phased array probe 108 
Sequence Repetition Frequency (SRF) 406 
sequences 
angular scan 33 
bidirectional 32 
helicoidal 34 
linear scan 30 
skewed scan 33 
spiral 34 
time-base scanning 39 
unidirectional 32 
others 37 
setting, sensitivity 179 
setup file 204 
setup procedure, PipeWIZARD 326 
setup, experimental (thick-wall pipe) 328 
acoustics 329 
mechanics 328 
setup: evaluation of cylindrically focused 
probe 320 
setups, electronic 6 
SHA (synthetic hard-alpha) defects 285 
SHA (synthetic hard-alpha) specimens 285 
inspection results 291 
shapes, examples of crack 241 
shear waves: tolerances on refracted angles 
215 
side lobes 89 
side technique: crack detection and sizing 
250 
side view 39, 43, 44 
volume-corrected ~ 43 
side-drilled holes (SDH) 47, 81 
Siemens turbine 369 
Siemens-Parson low-pressure turbines 368 
signal 
bipolar-rectified 41 
radio-frequency (RF) 41 
signal-to-noise ratio (SNR) 6, 228 
evaluation 179 
example of tolerances 216 


formula 109 
silicone rubber 62 
simple-zone sizing 271 
simulation, ray-tracing 249 
size, maximum element 76 
size, minimum element 76 
sizing 
diversity with side and top techniques 
252 
EDM notch 210 
examples: EDM notch 214 
influence of probe parameters on detec- 
tion and sizing 184 
large crack 252 
PAUT accuracy for crack-length ~ 258 
sizing accuracy: circumferential flaws 263 
sizing evaluation for longitudinal-wave 
probes 181 
sizing of stress-corrosion cracks 251 
sizing on bars, crack: PAUT reliability 239 
sizing performance for cracks 257 
sizing, crack 243 
3-D portion of a blade 251 
examples 241 
FOCUS LT 218 
OmniScan 218 
principles 241 
PAUT reliability 234 
PAUT sizing error 244 
side technique 250 
sizing, defect: pipelines 315 
beam-spread results 321 
cylindrically focused probe 320 
thin-wall pipe focusing 316 
summary 322 
thin-wall pipe modeling 316 
thin-wall pipe simulations 317 
sizing, depth 
circumferential flaws 261 
pipeline 266 
sizing, depth and length: axial flaws 264 
sizing, flaw: pipeline AUT 271 
amplitude zone sizing with TOFD 273 
amplitude-corrected zone sizing 272 
with overtrace allowance 272 
how it works 273 
simple-zone sizing 271 
sizing data 274 
sizing, ligament 244 
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capability 
conventional UT 245 
PAUT 245 
skew angle 35 
skew deflection on the wedge 95 
skewed scan sequence 33 
skewed side technique: rotor-steeple hook 
5 256 
slope error 302 
Smith’s theory 61 
smoothing 145 
Snell’s law 92 
SNR (signal-to-noise ratio) 6, 228 
evaluation 179 
example of tolerances 216 
formula 109 
soft gain 142, 152 
soft palette 142 
software 
manual PAUT for piping 342 
PASS (phased array simulation software) 
112 
thick-wall pipe 328 
TomoView See TomoView 
sound velocity (OmniScan), calibrating 418 
SPAF (standard phased array focusing) 155 
specimen 45 
specimen design, POD 282 
POD Ring specimen 284 
synthetic hard-alpha specimens 285 
specimen, POD Ring 284 
inspection results 289 
requirements 284 
target distribution 285 
specimens, synthetic hard-alpha (SHA) 285 
inspection results 291 
specimens, wedding-cake 283 
inspection results 287 
speed 6 
speed, inspection: pipeline AUT 266 
spherical focusing pattern 69 
spherical/elliptical focusing pattern 70 
spiral sequence 34 
spot size, focal 325 
Spurs epoxy 62 
square bar inspections 409 
squirters, water 388 
SRF (Sequence Repetition Frequency) 406 
S-scan 13, 18, 45 


corrected 19 
data interpretation (inspection of welds) 
435 
inspection of welds 430 
true-depth 19 
stainless steel SA240 TP304 358 
stainless-steel welds 344 
standard error of estimate 302 
standard phased array focusing (SPAF) 155 
standard, calibration (thick-wall pipe) 327 
standardization of phased array probes 
120 
steam-generator tubes 302 
steels, applications for austenitic 344 
examples 352 
demethanizer welds 358 
primary circuit nozzle 352 
piezocomposite TRL PA 345 
characterization and checks 350 
electroacoustical design 347 
piezocomposite TRL PA, results 351 
stainless-steel welds 344 
summary 360 
steeple grooves, rotor 360 
steeple hooks 371 
steeples, rotor 370 
steering capability 8 
steering focus power 78 
stress-corrosion cracks (SCC) 6, 14, 69, 361, 
370 
artificially induced 247 
detection and sizing 251 
disc-rim attachment 361 
PAUT sizing capability 239 
principle of detection 362 
strip chart 48 
strip charts, combined 53 
substitution, equipment 171, 208 
example 210, 217 
example of tolerances 216 
summary, PAUT 297 
diversity 300 
redundancy 300 
validation 299 
surfaces 
circular 34 
cylindrical 34 
sweep range 77 
synthetic hard-alpha (SHA) defects 285 
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synthetic hard-alpha (SHA) specimens 285 
inspection results 291 

system performance 171 
assessment 175 
optimization 197 
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TCG (Time-Corrected Gain) 295, 296, 417, 
431, 435 
calibrating (OmniScan) 422 
technical justification 253 
technique validation on complex EDM 
notch 249 
technique, inspection 
axial flaws 338 
circumferential flaws 335 
technique, side: crack detection and sizing 
250 
technique, volume focusing 404 
comparison with zone focusing 405 
conclusions 413 
lateral resolution 407 
square bar inspections 409 
TESI (Turbine Engine Sustainment Initia- 
tive) 282, 387 
brassboard system 390 
recommendations for system design 402 
test results, POD 286 
SHA specimens 291 
ultrasonic setup 286 
wedding-cake specimen 287, 289 
testing methods 141 
testing, instrument 141, 156 
frequency 165 
laboratory 161 
on-site 162 
testing, magnetic-particle (MP) 381 
theory, Smith’s 61 
thermal fatigue cracks 18, 337 
detection and sizing 352 
theta angle 34 
thick-wall pipe, focusing for 
approaches 323 
beam comparison 330 
experimental results 327 
array and wedge 328 
calibration standard 327 
software 328 
experimental setup 328 


acoustics 329 
mechanics 328 
summary 332 
thick-wall pipe, modeling on 323 
conclusions 326 
parameters 324 
results summary 325 
active elements 326 
array pitch 325 
extreme positions on the array 326 
focal spot size 325 
incident angle 325 
thin-wall pipe 
focusing 316 
summary 322 
modeling 316 
simulations with PASS 317 
depth of field 317 
modeling conclusions 319 
width of field 318 
time of flight (TOF) 41 
time-base calibration 175 
time-base calibration for L-waves 178 
time-base scanning 39 
time-based inspection 29 
Time-Corrected Gain (TCG) 295, 296, 417, 
431, 435 
calibrating (OmniScan) 422 
time-frequency response 109 
time-of-flight diffraction (TOFD) 23, 51, 231 
amplitude zone sizing with ~ 273 
POD 52 
standard display 52 
tip-back-diffraction 275 
titanium billet 156 
TOF (time of flight) 41 
TOFD (time-of-flight diffraction) 23, 51, 
231 
amplitude zone sizing with ~ 273 
POD 52 
standard display 52 
tolerances 
defect 216 
example for equipment substitution 216 
~ on instrument features 165 
probe ~ 117, 119 
refracted angles: longitudinal waves 215 
refracted angles: shear waves 215 
Tomoscan FOCUS 7, 29, 53, 315, 323, 363 
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coupling two units 327 
TomoScan FOCUS LT 24, 29, 122 
crack sizing example 218 
Tomoscan III 24, 29 
Tomoscan III PA 364 
TomoView 45, 112, 152, 347, 363 
beam directions 35 
example of scanning sequence 36 
TomoView Cube 54 
top view 39, 44 
toroidal convex probe 68 
touch probes 388 
tracing, ray See ray tracing 
Transmitter Receiver L-wave (TLR) probes 
344 
Transmitter Receiver L-wave Phased Array 
(TRL PA) 345 
piezocomposite 345 
characterization and checks 350 
electroacoustical design 347 
piezocomposite, results 351 
TRL (Iransmitter Receiver L-wave) probes 
344 
TRL PA (Transmitter Receiver L-wave 
Phased Array) 345 
piezocomposite 345 
characterization and checks 350 
electroacoustical design 347 
piezocomposite, results 351 
true-depth S-scan 19 
tubes, steam-generator 302 
turbine applications, low-pressure 360 
disc-blade rim attachment 361 
diversity 363 
redundancy 363 
validation 362 
GEC Alstom 900 MW turbine compo- 
nents 369 
diversity 372 
redundancy 372 
validation 371 
turbine components 247 
PAUT reliability 246 
turbine components, GEC Alstom 900 MW 
369 
diversity 372 
redundancy 372 
validation 371 
Turbine Engine Sustainment Initiative 


(TESI) 282, 387 
brassboard system 390 
recommendations for system design 402 
turbine-engine components, aerospace 
determining inspection reliability 280 
inspection approach 281 
PAUT 278 
POD analysis 292 
POD specimen design 282 
POD test results 286 
POD Ring specimen 289 
SHA specimens 291 
ultrasonic setup 286 
wedding-cake specimen 287 
turbines 
GEC Alstom 900 MW 360 
General Electrictype 360 
Siemens 369 
Siemens-Parson low-pressure 368 
turntable 388 
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UDRI (University of Dayton Research 
Institute) 282 
ultrasonic field formula 59 
ultrasonic path 41 
ultrasonic reliability 225 
ultrasonic results, classification of 227 
ultrasonic technology, phased array 
characteristics 6 
main concepts 5 
historical development 5 
industrial requirements 5 
principles 7 
reliability 225 
ultrasonic views See views, ultrasonic 
UltraVision 45, 152, 347 
unidirectional sequence 32 
unit conversion 439 
unit, search 
axial flaws 338 
circumferential flaws 335 
University of Dayton Research Institute 
(UDRI) 282 
upper frequency 110 
Usound 39 


Vv 
validation 248 
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validation, PAUT reliability 299 
variables, essential 203 
vertical-angular resolution 178 
views 39 

end 39 

side 39 

top 39 
views, multiple 48 

top, side, and end views 50 
views, ultrasonic 39 

A-scan 41 

B-scan 43 

combined strip charts 53 

combined TOFD and pulse echo 53 

C-scan 44 

D-scan 44 

multiple views 48 

polar view 47 

S-scan 45 

strip chart 48 

TOFD 51 

TomoView Cube 54 
Vingotte Academy 297 
virtual probe aperture (VPA) 11, 81 
virtual scanning 410 
visualization, ray-tracing See ray-tracing 

visualization 

voltage, pulser-receiver 142 
volume focusing technique 404 

comparison with zone focusing 405 

conclusions 413 

lateral resolution 407 

square bar inspections 409 
volume-corrected side view 43 
Volumetric Merge 342 
VPA (virtual probe aperture) 11, 81 
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water squirters 388 
water tank, cylindrical rotating 387 
waveform 41 
waveform length 110 
wedding-cake specimens 283 
inspection results 287 
wedge 
beam deflection on the ~ 95 
curved parts 98 
delay 92 


evaluation of cylindrically focused probe 
320 
ID 116 
index-point length 93 
index-point migration 94 
numbering system 124 
probe on a wedge 92 
thick-wall pipe 328 
wedge angle on crack parameters, influ- 
ence of 193 
wedge delay (OmniScan), calibrating 419 
wedge velocity on crack parameters, influ- 
ence of 191 
weld 
inspection 51 
lack of fusion 360 
one-line scanning 359 
zones 268 
welds, inspection of 427 
codes and calibration 429 
E-scans 429 
S-scans 430 
coverage 433 
manual ~ 427 
scanning procedures 435 
S-scan data interpretation 435 
summary 437 
welds, stainless-steel 344 
width of field: thin-wall pipe simulations 
with PASS 318 
width, beam 80 
width, element 76 
width, pulse 144 
work cells 388 
wrought stainless steel (WSS) 352 
WSS (wrought stainless steel) 352 
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yaw angle 394 
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Zetec Advanced PA Calculator 342 

zone discrimination 267 

zone focusing 404 
comparison with volume focusing 405 
lateral resolution 407 

zone, dead 84 

zones, weld 268 
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